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FOREWORD 


1.  This  program  was  initiated  in  an  attempt  to  exploit  the 
unique  properties  of  hexagonal  magnetic  oxides  in  microwave 
devices.  Specifically,  the  objective  was  to  investigate  and  study 
the  characteristics  and  applications  of  the  above  materials  and 
to  accumulate  data  to  obtain  a  comprehensive  set  of  curves  for 
such  components  as  reciprocal  and  non-reciprocal  phase  shifters, 
isolators  and  circulators  in  the  microwave  region  of  the  spectrum. 

2.  The  approaches  taken  by  the  Contractor  toward  fulfilling  the 
above  objective  were  (1)  a  materials  preparation  phase,  (2)  mate¬ 
rials  evaluation  phase  and  (3)  a  device  feasibility  study  phase. 

3.  Under  the  first  two  phases,  ceramic  samples  of  nine  different 
planar  compounds  (Me2X  and  Me2Y),  consisting  of  twenty-seven 
compositions,  were  prepared  and  measured  at  25  Kmc  and  37.  5 
Kmc.  Initial  attention  was  given  to  the  optimum  preparation  of 
nonoriented  samples  and  was  primarily  concerned  with  obtaining 
the  firing  curves  (i.  e.  density  vs  firing  temperature)  for  these 
materials.  Eight  different  compositions  of  the(Ni  j- ^  Co3()2W 
compounds  were  prepared  as  oriented  uniaxial  materials,  where 

0.  0  ^  X  ^  0.  50,  By  varying  the  cobalt  content  of  these  materials 
the  effective  anisotropy  (internal)  field  can  be  accurately  controlled 
over  a  range  of  0  to  12,700  oersteds.  The  measured  linewidth 
was  found  to  be  independent  of  cobalt  content  but  dependent  on  the 
degree  of  crystallite  orientation.  Optimum  alignment  exhibited 
linewidths  of  1500  to  1800  oersteds  and  it  was  found  to  improve 
with  grain  growth  in  the  sintering  process  and  with  the  reduction 
of  particle  size.  Resonance  measurements  were  conducted  as  a 
function  of  temperature  from  23  °C  to  125  °C.  The  observed  data 
indicates  that  as  a  function  of  temperature  the  (1)  anisotropy  field 
increases  almost  linearly,  (2)  the  linewidths  are  essentially  con¬ 
stant  and  (3)  the  effective  g-factor  (Lande'  splitting  factor)  in¬ 
creases  and  approaches  2.0  near  125°C.  Further,  the  positive 
slope  of  the  anisotrophy  field  vs  temperature  increases  with  in¬ 
creasing  cobalt  content  of  the  material. 

4.  The  third  phase  involved  the  evaluation  of  the  uniaxial  mate¬ 
rials  in  actual  device  configurations  to  determine  the  suitability 
to  practical  applications.  Appropriate  members  of  the  nickel- 
cobalt  W  series  were  evaluated  in  K  and  V-band  resonance  iso¬ 
lators.  An  optimum  K-band  isolator  was  fabricated  utilizing  a 
25%  cobalt  content  having  an  anisotropy  field  of  7000  oersteds  and 
an  external  applied  field  of  1000  oersteds.  It  produced  a  maximum 


isolation  ratio  of  35/1  at  a  frequency  of  23  Kmc  and  a  ratio  of  10/1 
over  a  25%  bandwidth.  A  10%  cobalt  content  with  an  anisotropy 
field  of  11,  000  oersteds  and  an  applied  field  of  1000  oersteds  was 
used  to  fabricate  a  V-band  isolator.  This  item  produced  an  iso¬ 
lation  ratio  of  18/1  at  a  frequency  of  36.  5  Kmc  and  a  ratio  of  10/1 
over  a  10%  bandwidth. 

5.  This  program  has  demonstrated  the  feasibility  of  utilizing 
hexagonal  materials  to  microwave  circuitry  and  it  is  worthy  to 
note  that  the  first  two  isolators  mentioned  above  used  the  same 
external  fields  with  different  material  compositions.  In  addition, 
it  was  possible  to  obtain  isolator  operation  with  no  externally  ap¬ 
plied  magnetic  field.  This  device  has  a  maximum  isolation  ratio 
of  30/1.  5  at  37.  5  Kmc  with  a  10  to  1  bandwidth  of  2.  2  Kmc. 


JOSEPH  M.  SCHENNA 
RADC  Project  Engineer 


ABSTRACT 


This  final  report  completes  a  sixteen  month  study  program  on 
Air  Force  Contract  No.  AF30  (602) -2330.  The  contract  period  began 
July,  1960,  and  four  Quarterly  Reports  have  been  issued.  The  work 
consisted  of  theoretical  and  experimental  investigation  of  the  properties 
of  hexagonal  magnetic  oxides  and  of  their  application  to  specific  micro- 
wave  devices. 

The  work  was  carried  out  in  the  three  overlapping  phases  out¬ 
lined  below. 

Preparation  of  Materials 

A  procedure  was  developed  for  the  preparation  of  good,  high 
density,  ceramic  samples  of  nine  different  Me  2^  and  Me  2Y  compounds 

and  a  series  of  (Ni^_jjCOjj)  3^  materials.  The  C02  Z,  Ni2Z,  Zn2Z, 
Mg^  Z,  Cu^Z,  Co  2Y,  Ni  ^Y,  Zn  ^Y,  and  Mg  ^Y  were  prepared  in  un¬ 
oriented  form.  The  (Ni  Co  )  compounds  with  x  =  0.  0,  0.  05,  0.  10, 

0.  20,  0.  25,  0.  30,  0.  40  and  0.  50  were  prepared  as  oriented  uniaxial 
materials.  Studies  of  the  degree  of  orientation  of  the  materials  were 
carried  out  using  x-ray  diffraction  techniques.  It  was  found  that  by  re¬ 
ducing  the  particle  size  of  the  pressed  material  the  alignment  could  be 
improved.  Alignment  also  improved  with  grain  growth  in  the  sintering 
stage. 
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Evalaatlon  of  Materials 

The  samples  prepared  in  the  laboratory  were  subjected  to 
both  static  and  microwave  evaluation.  By  varying  the  cobalt  content 
of  the  (Ni,  Co  )  pW  materials  the  effective  anisotropy  field  of  these 

materials  could  be  accurately  controlled  over  a  range  of  0  to  12,  700  oe. 
The  measured  linewidth  was  found  to  be  independent  of  cobalt  content 
over  this  range  of  substitutions.  A  strong  dependence  of  linewidth  on 
degree  of  orientation  was  noted.  Best  aligned  samples  exhibited  line- 
widths  in  the  1500  oe  to  1800  oe  range.  The  temperature  dependence 
of  the  anisotropy  field,  linewidth,  and  effective  g-factor  of  the  nickel- 
cobalt  W  materials  was  also  studied. 

Application  of  Materials 

Appropriate  members  of  the  nickel-cobalt  W  series  were  eval¬ 
uated  in  K-  and  V-band  resonance  isolators.  At  K-band  frequencies 
the  twenty-five  per  cent  cobalt  substituted  nickel  W  compound  with  an 
anisotropy  field  of  7000  oe  was  used.  A  slab  of  material  magnetized 
in  its  plane  and  mounted  on  a  dielectric  slab  produced  a  maximum  iso¬ 
lation  ratio  of  35/1  at  a  frequency  of  23  kmc  with  an  applied  field  of 
less  than  1000  oe  supplied  by  small  ceramic  magnets.  The  ten  to  one 
bandwidth  was  greater  than  6  kmc,  or  about  a  25  per  cent  bandwidth. 

A  ten  per  cent  cobalt  substituted  nickel  W  compound  with  an 
anisotropy  field  of  approximately  11,  000  oe  was  used  in  fabricating 
a  V-band  resonance  isolator.  The  dielectric  loaded  configuration 
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produced  maximum  isolation  ratios  of  18  to  1  with  1000  oe  applied. 

A  V-band  resonance  isolator  using  isotropic  ferrite  would  require 
on  the  order  of  12,  000  oe.  This  device  had  a  ten  to  one  bandwidth 
of  3.  5  kmc  centered  at  38.  2  kmc. 

These  and  other  results  of  the  applications  study  clearly  dem¬ 
onstrate  the  usefulness  of  these  uniaxial  materials  with  controlled 
anisotropies  in  practical  devices. 
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SECTION  I 
INTRODUCTION 


1.  PURPOSE  OF  PROGRAM 

1. 1  o^gctlY.g 

The  purpose  of  this  program  is  to  Investigate  the  microwave  proper¬ 
ties  of  hexagonal  magnetic  oxides  and  to  determine  their  applicability  to 
specific  microwave  devices. 

1.  2  Classes  of  Microwave  Devices 

The  program  was  initiated  with  four  classes  of  possible  microwave 
devices  utilizing  hexagonal  materials  in  view. 

1,  First  there  are  resonance  isolators,  phase  shifters, 
and  other  devices  which  utilize  Han  I*'  conjunction 
with  an  external  magnet  to  achieve  operation.  In¬ 
cluded  are  devices  which  have  reduced  magnet  sizes 
at  ordinary  microwave  frequencies,  millimeter  wave 
ferrite  components  of  all  types  (perhaps  up  to  100  kmc/s), 
and  both  variable  and  non^varlable  devices. 

2<  Secondly,  there  are  similar  devices  (except  that  they  are 
non-variable)  which  utilize  Han  achieve  operation 
without  any  external  magnet.  These  are  placed  in  a 
separate  category  because  the  materials  requirements 
would  be  different  from  those  of  (1). 

3.  Thirdly,  there  are  non-variable  devices  utilizing  initial 
permeability  phenomena  in  both  oriented  and  non-orlented 
materials.  These  include  antenna  rods,  harmonic  sup¬ 
pressors,  and  the  like.  Some  devices  could  be  classed 
in  either  of  the  three  categories  mentioned  up  to  now, 
depending  on  their  design. 

4<  Fourthly,  there  are  variable  devices,  such  as  phase 
shifters  for  antenna  arrays,  which  utilize  initial  per¬ 
meability  phenomena. 
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2,  SCOPE  OF  PROGRAM 


The  program  was  carried  out  in  three  overlapping  phases:  a 
materials  preparation  phase,  a  materials  evaluation  phase,  and  a 
device  feaslbllty  study  phase.  The  scope  of  each  of  these  phases  is 
summarized  below. 

2.  1  Materials  Preparation 

This  phase  involved  the  study  of  the  many  variables  in  the  ceramic 
process,  which  must  be  properly  controlled  if  good  ceramic  materials 
are  to  be  obtained.  Greatest  emphasis  was  placed  on  materials  with 
uniaxial  anisotropy  fields  that  were  controllable  over  a  range  of  zero 
to  12,  700  oe. 

2.  2  Materials  Evaluation 

This  phase  was  concerned  primarily  with  the  ferromagnetic 
resonance  studies  of  these  materials  to  determine  their  effective  aniso¬ 
tropy  fields,  linewldths,  effective  g-factors,  etc.  Also  included  how¬ 
ever  are  measurements  of  magnetization  curves,  degree  of  alignment, 
and  other  measurements  aimed  at  determining  the  overall  material 
quality. 

2.  3  Device  Feasibility 

In  this  phase  materials  produced  in  the  laboratory  were  evaluated 
in  actual  device  configurations  to  determine  the  suitability  of  various 
materials  to  practical  applications.  These  measurements  also  pro¬ 
vided  feed-back  information  as  to  what  improvements  were  desirable 
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In  materials  preparation.  Practical  devices  belonging  to  each  of  the 
first  two  classes  mentioned  above  were  developed  during  the  course 
of  this  program. 

3.  GENERAL  BACKGROUND 

Highly  anisotropic  barium  ferrite  ^  (BaO  ’  6Fe  2O3  )  with  hexagonal 
crystal  structure  has  been  used  for  a  number  of  years  as  a  permanent 
magnet  material.  Modifications  of  this  compound  have  appeared  under 
several  different  trade  names. 

More  recently  the  anisotropy  fields  of  the  barium  and  strontium 
ferrite  systems  have  been  varied  over  a  range  of  roughly  17  kilo-oersteds 
to  40  kilo-oersteds  by  the  substitution  of  aluminum  for  iron.  This 
substitution  raises  the  anisotropy  field  by  lowering  the  saturation  mag¬ 
netization  and  with  a  simultaneous  reduction  In  Curie  temperature. 

In  still  more  recent  work  the  anisotropy  field  of  barium  ferrite 
has  been  reduced  to  approximately  15.  0,  11.  5,  and  7.  0  kilo-oersteds 
by  the  simultaneous  substitution  of  titanium  and  cobalt  for  Iron.^’  ^  Some 
of  the  work  on  the  titanium  and  cobalt  substitutions  was  done  concurrently 
with  the  work  of  this  program. 

The  materials  studied  under  this  program  are  members  of  three 
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different  crystal  classes  first  reported  in  1956  and  discussed  in  Sub¬ 
section  B  2.  Through  proper  synthesis  of  these  materials  it  Is  possible 
to  obtain  any  desired  value  of  anisotropy  field  from  0  to  12,  7  kilo-oersteds. 

Thus  the  frequency  range  of  application  of  these  materials  can  be  greatly 
extended. 
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Substituted  barium  ferrite  materials  have  been  used  in  fabri¬ 


cating  millimeter  wave  devices  requiring  minimum  externally  applied 
fields.^  As  a  result  of  the  present  effort,  wherein  continuous  control 
of  the  anisotropy  field  is  achieved,  application  of  oriented  hexagonal 
materials  is  extended  to  a  wider  range  of  frequencies. 
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SECTION  II 


GENERAL  DISCUSSION 

1.  HEXAGONAL  MATERIALS 

All  magnetic  materials  exhibit  some  degree  of  magnetocrystalllne 
anisotropy.  That  Is,  within  Individual  crystallites  of  any  magnetic  mate¬ 
rial  there  Is  a  tendency  for  the  magnetic  moment  vector  of  the  material 
to  be  aligned  along  some  particular  crystallographic  direction.  This 
magnetocrystalllne  anisotropy  energy  originates  In  the  coupling  between 
unbalanced  electron  spins  (that  give  rise  to  magnetism)  and  the  neighbor¬ 
ing  Ions  that  make  up  the  crystal  lattice.  The  anisotropy  energy  of  a 
material  always  reflects  the  symmetry  of  the  crystal  lattice  of  the  mate¬ 
rial  and  can  be  expressed  (for  a  material  with  a  hexagonal  crystal  structure) 
as: 

f  =  K  j  sin  ^  9  +  K  2  sln^B  +  .  .  .  .  m 

where  K  and  are  the  first  and  second  order  anisotropy  constants 

respectively.  Within  each  single  crystal  this  anisotropy  energy  exerts 
a  torque  on  the  magnetization  tending  to  align  It  along  some  particular 
crystallographic  direction.  For  convenience  this  anisotropy  energy  Is 
often  spoken  of  in  terms  of  an  effective  anisotropy  field  defined  to  have 
the  magnitude  and  direction  required  to  exert  the  same  torque  on  the 
magnetization  as  Is  exerted  by  the  anisotropy  energy. 

While  all  magnetic  materials  exhibit  magnetocrystalllne  anisotropy, 
in  the  generally  encountered  case  ferromagnetic  materials  appear  to  be 
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quite  isotropic.  This  apparent  Isotropy  arises  from  the  fact  that 
ordinary  ferrites  and  other  magnetic  oxides  are  commonly  in  unoriented 
polycrystalline  form.  That  is,  the  materials  consist  of  many  thousands 
of  tiny  single  crystals,  called  crystallites,  randomly  oriented  with  re¬ 
spect  to  one  another.  Although  each  crystallite  has  an  effective  aniso¬ 
tropy  field  located  along  a  preferred  direction,  the  random  orientation 
of  crystallites  causes  the  whole  polycrystalline  sample  to  be  isotropic, 
i.  e.  ,  there  is  no  preferred  direction  for  the  sample  as  a  whole  and  no 
net  anisotropy.  The  possibility  of  using  the  anisotropy  field  to  advan¬ 
tage  is  normally  lost  in  a  polycrystal  because  of  the  random  orientation 
of  crystallites.  However,  if  the  individual  crystallites  were  oriented 
in  a  polycrystalline  material  so  that  the  axes  of  individual  crystallites 
were  all  parallel,  there  would  be  a  preferred  direction,  with  its  at¬ 
tendant  anisotropy  field  for  the  polycrystalline  material. 

In  hexagonal  materials  this  effective  anisotropy  field  is  generally 
quite  large.  While  not  actually  a  magnetic  field,  the  action  of  the  effective 
anisotropy  field  is,  under  certain  conditions,  indistinguishable  from  an 
external  applied  field.  This  anisotropy  field  can  therefore  be  used  to 
advantage  in  augmenting  or  completely  replacing  externally  applied 
fields. 

In  hexagonal  materials  three  different  forms  of  anisotropy  can 
exist/  In  the  first  case,  called  uniaxial,  the  preferred  orientation  of 
magnetization  is  along  the  c-axls  of  the  crystal.  In  this  case  K  is 


positive  and  dominant  over  Kz  •  In  the  second  case,  called  planar, 
the  preferred  direction  of  magnetization  Is  In  the  basal  plane  of  the 
crystal.  In  this  case,  K  Is  negative  and  greater  than  K  2  •  The  third 
case  Is  that  In  which  the  preferred  direction  of  magnetization  Is  In  a  cone 
about  the  c -axis.  This  third  condition  occurs  when  0  <  -  K  <2K  2  • 

In  the  first  case  the  anisotropy  field  Is  defined  as 

and  Is  directed  along  the  c-axls  of  the  crystal.  In  the  second  case  the 
direction  of  is  In  the  basal  plane*  and  the  field  has  a  magnitude  of 

■  -2(Ki  +  2K  2)/^s*  Intermediate  case  Is  at  angle  6 

with  respect  to  the  c-axls  where  sin  6  *V  2k'  '  " 

— — * — )  (Kj  +  2K2)/M^  .  The  last  case  occurs  only  rarely  and 
K2 

then  only  over  a  fairly  narrow  temperature  range.  The  third  case  Is 
therefore  not  of  primary  Interest  in  this  study.  Chief  interest  Is  found 
In  the  uniaxial  and  planar  materials.  The  two  chief  types  of  hexagonal 
materials,  uniaxial  and  planar,  each  have  their  own  unique  advantages 
and  possible  fields  of  application. 


1.  1  Uniaxial  Hexagonal  Materials 

Uniaxial  materials  with  a  large  anisotropy  field  acting  along  the 
c-axls  of  the  crystal  are  potentially  useful  In  the  first  two  classes  of 
devices  listed  In  Section  I  .  In  the  first  class  of  devices  the  Internal 
anisotropy  field  augment  an  external  field  applied  along  the  C-axls 
of  the  mateTiall either  single  crystal  or  oriented  polycrystal)  and  thus 
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greatly  reduces  the  applied  field  required  for  operation.  In  the  case 
of  a  properly  oriented  uniaxial  material  with  spherical  geometry  the 
equation  for  ferromagnetic  resonance  is: 

Mo  =  Y(H.p+  Ha„)  (2) 

where 

Y  is  the  gyromagnetlc  ratio, 

Hap  the  external  applied  field , 

is  the  effective  anisotropy  field. 

Equation  2  shows  that  the  applied  field  required  for  resonance  at  a 
given  frequency  is  reduced  by  Just  the  anisotropy  field.  Clearly  if 
^an  large  enough,  the  applied  field  required  for  resonance  can  be 
made  very  small.  If  proper  control  of  Ha„  could  be  achieved,  then 
resonance  Isolators,  phase  shifters,  etc. ,  could  be  made  at  any  de¬ 
sired  frequency  with  only  minimal  external  fields  required. 

Equation  2  is  quantitatively  accurate  only  in  the  case  of  a  spheri¬ 
cally  shaped  sample.  For  a  practical  device  using  a  ferrite  slab  or 
rod,  this  equation  would  be  modified  by  the  effective  demagnetizing 
factors  appropriate  to  the  particular  geometry. 

The  discussion  thus  far  holds  for  so  called  "soft"  magnetic 
materials  with  low  remanent  magnetization  and  low  coercive  force. 

For  the  applications  of  Class  I  devices,  and  in  particular  for  variable 


8 


devlcei,  these  would  be  the  type  material  desired. 

For  applications  Involving  non-variable  devices  as  discussed  in 
Class  2,  "hard"  magnetic,  materials  would  be  needed.  These  are  per¬ 
manent  magnetic  materials  having  large  remanent  magne'tlze’tlona  and 
coeirclye  f6rce«' and.  essentially  square  hysteresis  loops.  Large  values 
of  anisotropy  energy  are  a  prerequisite  for  permanent  magnet  materials. 

As  will  be  pointed  out  later,  however,  the  quality  of  a  highly  anisotropic 
material  as  a  permanent  magnet,  and  therefore  its  applicability  to 
Class  2  devices,  is  determined  principally  by  the  method  of  preparation, 
resultant  particle  size,  and  the  like. 

It  is  important  then  in  selecting  materials  for  Class  2  applications 
that  one  precisely  control  not  only  the  chemical  composition  but  also  the 
many  steps  in  the  preparation  process. 

1.  2  Planar  Materials 

Planar  materials  are  those  whose  preferred  direction  of  magnetization 
is  in  the  basal  plane  perpendicular  to  the  c  -axis  of  the  crystal.  In  single 
crystal  or  oriented  planar  material  the  anisotropy  field  of  these  com¬ 
pounds  can  also  be  used  to  augment  the  field  required  for  resonance. 

While  in  these  materials  the  applied  field  is  not  reduced  by  the  full  value 
of  the  anisotropy  field,  the  resonance  condition  for  spherical  samples 
does  become: 

“res  *  ^^ap  ^^ap  ^  ^an  ^  (3) 
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where  terms  are  as  defined  for  equation  (2).  Obviously  some  re- 

0 

ductlon  In  applied  field  does  take  place.  The  following  table  shows 
the  reduction  In  applied  field  achieved  by  substituting  planar  materials 
with  a  given  value  of  for  isotropic  ferrites. 


TABLE  1 

Comparison  of  Fields  Required  for  Resonance  of  Planar  and 

Isotropic  Ferrites 


Freouency 

Field  for 

Resonance 

Han_ 

Isotropic 

Planar 

me 

Ji£_ 

_afi_ 

■oe 

3,  000 

1,070 

230 

5,  000 

5.  000 

1,780 

580 

5,  000 

10.  000 

3.  580 

o 

o 

00 

5,  000 

5,  000 

1,780 

330 

10,  000 

10.  000 

3,580 

1,  100 

10,  000 

20,  000 

7,  160 

3.  700 

10. 000 

The  presence  of  a  preferred  plane  of  magnetization  in  these 
materials  gives  rise  to  one  of  their  most  distinctive  characteristics  - 
an  initial  permeability  that  remains  essentially  constant  up  to  fre¬ 
quencies  b*  high  as  1000  to  2000  Me/ s.  This  feature  makes  them  at¬ 
tractive  for  applications  based  on  high  magnetic  Q  and  permeability, e.  g. 
variable  UHF,  and  possibly  L-band,  phase  shifters. 
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Planar  materials  might  also  prove  useful  in  harmonic  generation 
because  of  the  basic  asymmetry  of  the  precesslonal  motion  of  the  mag¬ 
netization.  That  is,  in  a  planar  material  with  the  applied  field  in  the 
basal  plane  the  precesslonal  path  is  at  right  angles  to  this  direction 
and  therefore  will  include  both  c-axis  and  basal  planes  (both  hard  and 

easy  directions).  As  the  constraining  force  varies  along  this  path,  the 

a 

precession  will  be  elliptical  which,  as  pointed  out  by  Jepson  '  will  en¬ 
hance  the  efficiency  of  harmonic  generation. 

2.  SPECIFIC  MATERIAL  CLASSES 

Highly  anisotropic  hexagonal  materials  have  been  discussed  as 
falling  into  two  groups  (uniaxial  and  planar)  based  on  their  magnetic 
properties.  Specific  hexagonal  materials  should  probably  be  discussed 
in  terms  of  their  different  crystal  classes.  This  can  best  be  done  with 
the  aid  of  Figs.  1  and  2.  Fig.  1  is  a  compositional  diagram  of  the 
BaO,  ’  MeO  system  when  Me  represents  one  of  the  divalent 

transition  elements  Ni,  Fe,  Mn,  Zn,  Mg,  Co,  etc.  ,  or  combinations 
thereof.  The  point  B  represents  the  non-magnetic  BaFe  2  O4.  The 
composition  S  is  that  of  the  now  familiar  spinel  ferrites  of  cubic  crystal 
structure  and  low  anisotropy  field.  These  materials  have  found  wide 
applications  as  isotropic  microwave  magnetic  materials.  The  point  M 
represents  the  composition  BaFei20i9  (essentially  Ferroxdure  ) 

which  has  the  hexagonal  crystal  structure  of  magnetoplumbite.  This  highly 
anisotropic  magnetic  oxide  has  been  used  for  many  years  as  a  permanent 
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r*2  0  3 


SsMeFe  2  O4 
(Spiml  Ferrite) 
MsBeFe  ^2  ®19 
(Ferroxdure) 
BsBaFe  2^4 
(Nonmagnetic) 


100 


100  90  80 

BaO 


40  50 


Figure  1.  Composition  of  Various  Materials  in  the  BaO  -  MeO-  Fe20  5 
Complex  (After  Stuijts  and  Wijn^^) 
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Figttr*  2,  Deicrlptlon  of  the  Magnetocryvtalline  Anisotropy  of  tha 
Compounds  of  Interast.  An  Arrow  Raprasants  a  Uniaxial 
Matarial,  or  Positive  Anisotropy  (Preferred  Direction 
Parallel  to  C-axis  ).  A  Perpendicular  Sign  Indicates  'a  c 

Plunar  Material,  or  Negative  Anisotropy  (After  Jonker,  at  al. 
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magnetic  material.  This  compound  hag  been  useful  in  both  oriented 
and  non-oriented  polycrygtalllne  form.  In  recent  years  several  other 
magnetic  oxides  containing  barium  have  been  discovered  at  the  Philips 
Laboratories*.^^^  ^  The  new  compounds  are  represented  by  the 
symbols  W,  Z,  Y,  U  and  X.  The  W,  Y,  Z  compounds  have  thus  far 
received  a  more  thorough  Investigation  than  the  others,  and  the  dis¬ 
cussion  will  be  restricted  to  these  materials.  The  chemical  formulae 
are  as  follows: 

W:  Ba  Me  2  ^^16^27  BaO  .  2MeO  •  8Fe  2^  3 

Y:  Ba2Me2pe^2  ^22  2BaO  *  2Me0’6Fe202 

Z:  Ba  ^Me2  24  ^41  3Ba  O  '  2MeO  *  1 2F 02^3 

To  avoid  writing  the  complicated  formulae,  the  various  compounds 
will  usually  be  denoted  by  the  symbols  Me  2W,  Me  2Z,  etc. ,  where 

Me  represents  one  or  more  divalent  metals,  with  subscripts  totaling 
2.  0  ,  e.  g.  ,  Ni  2  Q  or  Ni^^  ^^^7  • 

Some  of  these  materials  possess  uniaxial  (or  positive)  anisotropy, 

some  planar  (or  negative)  anisotropy.  A  most  interesting  property  of 

the  W  and  Z  materials  is  that  for  some  compositions  they  possess  prefer- 

5 

ential  planes  of  magnetization,  or  negative  ,  while  for  other  com¬ 

positions  they  are  uniaxial  and  have  positive  Kj-  This  state  of  affairs 
is  depicted  in  Fig.  2.  Note  that  the  Me  and  Me  2Z  compounds  are 
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uniaxial  except  when  Me  is  cobalt,  in  which  case  they  are  both  planar. 

All  the  Me  2^  compounds  so  far  Investigated  exhibit  negative  anisotropy 

(planar  materials).  The  existence  of  two  types  of  anisotropy  in  one 

Crystal  system  suggests  that  mixed  crystals  can  be  prepared  in  which 

.  .y  max  .  max 

the  anisotropy  can  be  caused  to  vary  at  will  between  +  Kj  and  -Kj 
including  a  zero  value  of  K  ^  (the  maximum  values  would  be  those  obtained 
for  the  pure  W,  Y,  and  Z  compounds).  This  way  of  controlling  Kj  would 
allow  the  control  of 

In  these  materials  4nMj  and  the  Curie  temperature  are  roughly 
comparable  to  the  values  for  most  spinel  ferrites,  while  K  is  generally 

quite  high  and  comparable  t''  the  value  for  cobalt  ferrite  (about  2  x  10^ 
ergs/cc). 

Of  the  materials  mentioned,  the  W,  Z,  Y  series  are  the  most 
interesting  for  the  applications  of  this  program.  It  was  initially  decided 
that  the  Investigation  would  be  centered  on  the  W,  Z,  and  Y  structural 
types.  The  field  was  further  narrowed  as  more  facts  came  to  light  and 
the  scope  of  the  effort  became  more  clearly  defined. 

Of  primary  interest  in  the  study  of  these  hexagonal  materials  is 
the  effective  anisotropy  field.  The  operation  of  all  potential  devices  that 
exploit  these  materials  Is  based  on  the  existence  of  this  field.  It  was 
decided  therefore  that  of  primary  Interest  In  this  study  would  be  the 
control  jii  tliia  field  over  some  desirable  range  of  field  values.  For  de¬ 
vices  operating  up  to  50  kmc  the  range  of  fields  of  interest  would  be  0  to 
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approximately  15  kilo-oersteds.  Moreover,  if  these  devices  are  to 
operate  over  any  specific  temperature  range,  the  anisotropy  field 
should  not  vary  excessively  over  that  range  of  temperatures.  This 
temperature  dependence  is  most  Important  since  a  change  in  anisotropy 
field  will  a.ffect  the  device  operation  Just  as  a  change  of  AlUtlifidilfiid. 
affects  conventional  devices  using  isotropic  ferrites.  It  is  unavoidable 
that  the  anisotropy  field  change  with  temperature.  (It  must  vanish  at  the 
Curie  temperaturel )  One  can  only  seek  to  minimize  this  change.  One 
way  to  minimize  the  temperature  sensitivity  of  the  anisotropy  field  is 
to  have  as  high  a  Curie  temperaure  as  possible.  As  a  class  of  materials 
the  W  structure  has,  in  general,  higher  Curie  temperatures  than  do  the 
Y  and  Z  compounds.  The  W  materials  therefore  have  some  advantage 
over  the  others  for  practical  device  applications.  The  Ni  2W  compound 

was  known  to  have  an  anisotropy  field  of  12.  7  koe  ,  a  value  which  is 
appropriate  for  use  at  Q  band  frequencies,  38  to  50  kmc.  In  addition, 
as  can  be  seen  from  Fig.  2,  the  anisotropy  of  Ni  2W  is  uniaxial 

(K  =  +  2.  1  X  lO^ergs/cm^  ),  while  the  anisotropy  of  Co  2W  is  planar. 
Thus  it  was  thought  that  ionic  substitutions  of  Co  for  Ni  in  the  W  com¬ 
pound  would  permit  the  direct  control  of  K  j  while  leaving  the  saturation 
magnetization  and  the  Curie  temperature  essentially  unchanged. 

It  had  been  shown  by  many  authors  that  the  magneto¬ 

crystalline  anisotropy  of  ferromagnetic  oxides  fits  a  one-ion  description. 
Each  paramagnetic  ion  exhibits  its  own  anisotropy  as  determined  by  the 
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unbalanced  spins  of  the  ion  and  the  crystalline  electric  field  of  its 
Immediate  environment.  The  overall  or  macroscopic  anisotropy  is 
then  the  net  result  of  an  algebraic  sum  of  indlvldual-lon  anisotropy 
constants, entirely  analogous  to  the  manner  in  which  the  saturation  mag¬ 
netization  of  a  ferrlmagnet  is  the  net  result  of  the  magnetization  of 
individual  sublattices.  Similar  control  on  the  macroscopic  anisotropy 
of  spinel  ferrites  had  been  achieved  by  the  substitution  of  cobalt  for 
nickel  in  NlFe204.  In  the  oriented  hexagonal  materials  it  should 

be  possible  through  sufficient  cobalt  substitution  to  control  the  aniso- 
tropy  constant  from  +  2. 1  x  10°  ergs/  cm'^  (the  value  for  pure  NiW) 
through  zero  to  a  negative  value  indicating  the  planar  anisotropy  char¬ 


acteristic  of  CoW. 


SECTION  ill 

PREPARATION  OF  MATERIALS 


An  Integral  part  of  this  program  was  the  preparation  of  the  mate¬ 
rials  of  Interest  In  our  laboratory.  In  this  way  the  effect  of  preparation 
procedures  on  microwave  properties  could  be  carefully  studied  and  con¬ 
trolled,  and  Information  obtained  from  microwave  evaluation  could  be 
used  to  perfect  synthesis  techniques.  Initial  attention  was  given  to  the 
preparation  of  the  compositions  mentioned  below.  Early  work  was  done 
on  non-orlented  samples  and  was  primarily  concerned  with  obtaining 
firing  curves  (1.  e. ,  density  vs.  firing  temperature)  for  these  materials. 

The  compositions  that  were  Initially  studied  consist  of  Me  2^  and 

Me2Y  compounds.  Here  Me  Is  an  appropriate  divalent  metallic  Ion, 

such  as  Co^  .  In  some  cases  the  materials  were  mixed  with  a  defici¬ 
ency  of  Iron.  Table  2  lists  the  specific  compounds  that  were  prepared. 
One  should  note,  for  example,  that  the  symbol  C02  Z  may  be  used  when 
referring  to  materials  of  the  general  composition  3BaO’  ZCoO  •  12Fe203, 
even  when  the  Iron  content  is  not  stoichiometric.  The  NlCoW  series  Is 
listed  last  and  will  be  treated  as  a  somewhat  separate  and  special  case 
with  modified  preparation  techniques. 
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TABLE  2 


MATERIALS  PREPARED 


TYPE  OF 

STARTING 

TYPE  OF 

STARTING 

MATERIAL 

COMPOSITION 

MATERIAL 

COMPOSITION 

Co  jZ 

3D<iO'2CoO  12Fe2  03 

NtjY 

2BbO-  2N10  -6Fe20  3 

2!3aO  •  2N10  •  5.  9Fe  2O3 

Co  y  Z 

3D«0-  ZCoO  •  11. 8F«  2^3 

NI  2^ 

ft 

N1  ,Y 

2!3aO  •  2NIO  •  5.  8Fe  2^3 

Co  2Z 

3I3bO-  2CoO-  11.  6F«  2^3 

z 

NM2Z 

3DaO  ■  2N10  •  12Fe  2^3 

C02Y 

2DaO  •  2CoO  •  6Fe  2^3 

C02  Y 

2BaO  •  ZCoO  •  5.  9Fe  ,0-, 

NtzZ 

3BaO-  2N10-  11.8Fe203 

ft  J 

Co,Y 

23aO  ‘ZCoO  •  5.  8Fe  2O  3 

Nl^Z 

3QaO-  2N10  •  11. 6Fe2  0j 

c 

Zr»  2Z 

3l3aO-  2ZnO  •  12Fe  2O3 

Zn^y 

2i3aO  •  2ZnO  •  6Fe  2O3 

Zn2  Z 

313aO-  2ZnO-  11.  8Fe203 

ZH2Y 

2ilaO  •  2ZnO  •  5.  9Fe203 

Zn  jZ 

3BaO-  2ZnO  •  11.  6Fe  2^3 

Z02Y 

29aO.  2ZnO  .  5.  8Fe  2O  3 

MgjZ 

3QaO  -  2MgO-  12Fe203 

Mg2Y 

28aO  - 2MgO' 6Fe  20j 

M82Z 

3BaO-  2MgO-  11.  8Fe203 

Mj2Y 

2BaO  .  ZMgO  •  5.  9Fe  2O3 

Mg2Z 

3BaO  '  2MrO'  11. 6Fe20  3 

M.-2Y 

2BaO.  2MgO.  5.  8Fe203 

Cu^  Z 

3DaO  -ZCuO  •  12Fe  2O3 

C  u  2  Z 

3UaO-  2C«0  11.  8Fe2  03 

Cu  2Z 

3BaO  •  2CuO  11.  6Fe  2O3 

NI2W 

BaO  •  2NiO  •  7.  8Fe-0, 

‘N‘.95Co  05>2W 

BaO  -  2(Nl  ^jCo  050)  •  7.  8Fe20 

(Ni  ^Co 

BaO  -  2(Ni  ^Co  ^O)  ’  7.  SFe^O^ 

‘^‘.8C®.2)2'^ 

BaO  -  2(Nl  Co  O)  7.  8Fa,0. 

.0.6  23 

25>2'^ 

BaO  •  2(Ni  .yjCo  25>  ’  7.  BFe^O^ 

(Ni  .^Co 

BaO  •  2(Nl  _Co  J  '  7.  8Fe  O 

,1.3  23 

BaO  •  2(Ni  Co  J  '  7.  8Fe,0 
.0.0  23 

(Ni  5C0 

BaO  •  2(N1  5C0  5)  •  7.8Fe203 
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1.  THE  GENERAL  PROCEDURE 


The  general  method  of  preparation  ic,  of  course,  similar  to  that 
for  preparing  ferrites  and  other  magnetic  oxides,  and  a  flow  chart  for 
the  process  is  shown  in  Fig.  3. 

The  raw  materials,  e.  g.  ,  Ba  COj  ,  C02O3  ,  and  Fe  2O3  . 

weighed  out  (1)  in  appropriate  quantities  and  placed  in  a  stainless 
steel  ball  mill  Jar  containing  stainless  steel  balls  and  varsol,  plus  a 
wetting  agent.  This  mixture  is  rolled  (2)  for  eight  hours,  after  which 
the  slurry  is  vacuum  filtered  and  dried  (3). 

The  dried  cake  is  then  pulverized  so  as  to  pass  through  a  ZO-mesh 
screen,  and  this  powder  is  presintered  (4)  at  an  appropriate  temperature, 
in  the  range  1050°C  to  1200 ®C.  Aluminum  oxide  or  slrconia  boats  are 
used  here,  there  being  little  trouble  with  reaction  between  the  powder 
and  boat  at  these. temperatures.  The  preslnterlng  operation  has  been 
carried  out  in  dead  air  with  a  soak-time  of  4  to  8  hours.  (It  has  been 
found  that  both  soak  time  and  temperature  influence  particle  size,  but 
to  only  a  minor  degree.  The  following  milling  step  has  a  much  greater 
effect. ) 

After  presintering,  the  powder  ,  along  with  water  and  in  some 
cases  a  binder  (approximately  3%  Hyform  1205  by  weight),  is  rolled  in 
a  ball  mill  or  run  in  an  attritor  mill  for  2  to  8  hours  (5).  This  accomplishes 
a  thorough  blending  of  the  wax  with  the  powder,  breaks  up  the  agglomerates, 
and,  if  the  process  continues  long  enough,  reduces  average  particle  size. 


21 


WKIGII  orr  RAW  OXIt»F.S 
ANt>  TAPIW'NATKS 


l.tQUID  AND 
WETTING  AGENT 


niNDER, 
I.IQtllD  AND 
WETTING  AGENT 


Figure  3.  Flow  Chart  for  Preparing  Hexagonal  Materials 


If  the  material  is  to  be  dry  pressed,  the  slurry  is  again  vacuum 
filtered  (6)  and  dried  at  105^ C,  care  being  taken  not  to  leave  the  powder 
at  this  temperature  for  an  excessively  long  time,  so  as  to  avoid  appreci¬ 
able  loss  of  the  wax.  The  dried  powder  is  pulverized  (7)  to  pass  through 
a  30-mesh  screen,  whereupon  it  is  ready  for  pressing  (8). 

If  the  material  is  to  be  oriented  during  pressing,  it  is  sludge 
pressed  (8)  and  hence  not  dried  subsequent  to  the  vacuum  filtering  (6). 
Instead  it  is  placed  in  sealed  jars  until  the  pressing  operation  is  to  be 
performed.  The  slurry  is  then  pressed  in  appropriate  non-magnetlc 
dies  in  the  presence  of  a  magnetic  field.  (This  technique  will  be  the 
subject  of  paragraph  4  below). 

First  data  were  taken  on  dry-pressed  samples  to  determine  the 
appropriate  presintering  (4)  and  firing  temperatures  (9)  for  a  wide 
range  of  materials  in  terms  of  resultant  density.  Information  was 
also  obtained  on  the  effects  of  non- stoichiometric  mixing  to  compensate 
for  iron  picked  up  in  the  preparation  process. 

After  the  powder  is  pulverized  and  screened  (7)  as  described 
above,  it  is  mixed  with  5%  water,  by  weight,  with  a  mortar  and  pestle 
and  then  pressed  (8)  at  5  tons/in^.  (The  powder  is  still  "dry"  after 
adding  this  much  water,  but  the  result  is  a  more  uniform  ceramic, 
free  from  laminations).  The  pressed  sample  is  dried  overnight  at  IIO^C, 
and  then  fired  at  the  appropriate  temperature  for  8  hours  (later  samples 

were  fired  for  2  hours  and  in  some  cases  a  few  minutes  to  minimize 
grain  growth.)  The  temperature  is  raised  slowly  (~  lOO^C/hr,  5  hrs) 
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to  allow  the  binder  to  barn  off  slowly;  after  which  the  temperature  is 
raised  to  the  final  firing  temperature.  The  firing  is  done  in  oxygen 
at  atmospheric  pressure  for  each  of  the  materials  described  here. 

2.  PRESINTERING  TEMPERATURE 

To  obtain  a  meaningful  firing  curve,  it  is  necessary  that  all 
the  samples  which  are  fired  at  different  temperatures  be  presintered 
at  a  common  temperature.  Like  so  many  of  the  variables  in  the  pre¬ 
paration  process,  it  is  probable  that  an  optimum  presintering  temper¬ 
ature  exists;  in  principle  then,  it  might  be  desirable  to  obtain  firing 
curves  for  several  different  presintering  temperatures.  In  practice, 
however,  such  thinking,  when  applied  to  several  variables  in  the  pro¬ 
cess,  results  in  an  excessive  number  of  firings.  Thus  tentative  pre¬ 
sintering  temperatures  were  selected  for  each  of  the  compositions  by 
presintering  powder  samples  at  a  varidty  of  temperatures,  and  simply 
observing  their  color  and  texture  after  reaction.  Experience  then  serves 
as  a  guide  in  the  selection.  As  more  knowledge  is  gained  of  the  various 
properties  of  the  materials  this  information  is  fed  back  in  such  a  way 
that  optimum  presintering  temperatures  may  be  decided  by  more  scien¬ 
tific  techniques,  such  as  the  measurement  of  particle  size  and/or  sat¬ 
uration  magnetization  per  gram  after  reaction.  This  was  done  in  the 
NiCoW  series  of  materials. 

Proceeding  in  this  way,  the  presintering  temperatures  listed  in 
Table  3  were  selected.  There  was  some  noticeable  difference  in  color 
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and  texture  for  each  composition  (e.  g. ,  Co  2Z)  as  the  iron  content  was 
varied  as  in  Table  2;  in  general,  the  samples  with  smallest  iron  content 
appeared  to  have  reacted  more  completely.  However,  the  difference 
was  slight,  so  that  one  presintering  temperature  was  selected  for  each 
general  composition  (e.  g. ,  Co 

TABLE  3 

Presintering  Temperatures  for  the  Various  Compositions 
Tyjtf  Qi  Material  Presintering  Temperature 


Co  2Z 

1100 OC 

Ni^Z 

1100 °C 

Zn  ^ 

1000  OC 

Mg  22 

1150®C 

Cu^Z 

900  OC 

C02Y 

1000° C 

NI2Y 

1100  ®C 

Zn^Y 

1100 °C 

Mg2Y 

1200° C 

NiCoW 

1100°C 
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The  compounds  containing  magnesium  are  more  refractory,  re¬ 
quiring  a  higher  presintering  temperature,  in  line  with  previous  ex¬ 
perience  with  magnesium  ferrite.  The  copper  compounds,  on  the 
other  hand,  are  highly  reactive,  and  prcslnter  at  a  much  lower  tem¬ 
perature.  At  1000  or  higher,  for  example,  these  powders  form  a 
very  hard  grained,  shrunken  agglomerate.  This  suggests,  of  course, 
that  small  quantities  of  copper  compounds  (CU2Z  or  CU2Y)  may  be 

used  as  a  flux  in  other  similar  materials  to  produce  high-density  sinter¬ 
ing  at  lower  temperatures. 

3.  DENSITY  DATA 

Density  was  measured  by  calculating  the  volume  of  the  sintered 
sample  from  micronrietear'  measurements  and  by  'weighing  the  dry 
sample.  Thus  all  the  pores,  connected  or  otherwise,  reduce  measured 
density.  This  is  the  density  which  one  would  use  in  calculating  4TTMg, 
for  example,  and  is  the  proper  one  to  consider  in  microwave  appli¬ 
cations.  In  the  few  cases  where  the  sample  was  distorted  so  as  to 
make  such  a  measurement  impossible,  the  density  was  measured  with 
a  mercury  volumeter,  in  which  the  sample  is  Immersed  in  mercury. 

The  accuracy  of  the  density  determination  in  such  cases  is  less  than 
for  the  direct  measurement,  which  is  easily  within  1%. 

The  firing  temperatures  were  determined  within  5°C  except 
in  a  few  cases  where  the  margin  of  possible  error  was  somewhat 

greater.  The  results  of  the  more  complete  data  are  plotted  in  Figs.  4 
through  13.  It  was  thought  that  a  decreased  iron  content,  i.  e. ,  an  iron 
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Figure  12.  Firing  Curve  for  3BaO  •  2ZnO  •  11.  6Fe  ^0  3 
Time  =  8  hours 
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Figure  13.  Shrinkage  in  Mg  Connpounds  with  Variable 
Iron  Contents.  Time  =  8  hours 
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content  less  than  the  stoichiometric  amount,  might  result  in  a  higher 
density,  i.  e.  ,  more  shrinkage  on  sintering.  Presumably  vacancies 
among  the  sites  would  tend  to  promote  diffusion  of  the  ions  and  more 
rapid  sintering.  The  results  do  not  show  this  to  be  true  in  a  consistent 
way  among  most  of  our  samples,  at  least  not  to  any  large  extent.  In  the 
case  of  Mg  2^  there  is  a  definite  difference,  however,  as  indicated  in 

Fig.  13,  the  sample  with  the  least  iron  content  does  show  a  pronounced 
increase  in  shringkage. 

In  considering  the  effect  of  the  variable  iron  content,  it  should 
be  kept  in  mind  that  the  given  compositions  are  starting  compositions; 
no  chemical  analyses  of  the  final  samples  were  made,  so  that  changes 
in  formula  due  to  volatization  of  components  or  iron  pick-up  in  the  mills 
have  not  been  accounted  for  in  writing  these  formulae.  Finally,  it  may 
be  remarked  that  the  samples  with  smaller  iron  content  do  appear  to 
react  more  completely  in  the  presintering  stage;  hence  chemical  re¬ 
action  is  apparently  facilitated  by  reduced  iron  content,  while  the  sinter¬ 
ing  process  may  not  be  so  strongly  affected,  perhaps  because  of  increase 
iron  pick  up  in  the  granulating  step  (5). 

The  data  suggest  for  most  materials  that  a  maximum  density  is 
obtained  for  a  firing  time  of  about  eight  hours.  A  firing  time  of  only 
two  hours  generally  gives  a  lower  density,  while  the  results  for  15  hours 
are  not  appreciably  different  from  those  for  eight  hours.  For  very  high 
temperatures,  i.  e.  ,  above  the  plateau  in  the  firing  curve,  this  is  not 
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the  case,  however.  The  reduction  in  density  at  high  temperatures 
may  well  be  due  to  the  loss  of  certain  components  through  volatization. 
In  that  case,  longer  firing  times  are  detrimental  to  density.  For  ap¬ 
plications  where  it  is  desired  to  inhibit  crystal  growth  during  sintering, 
it  is  nevertheless  desirable  to  fire  for  two  hours  or  less. 

The  copper  compounds  sinter  to  very  high  density  at  lower  tem¬ 
peratures  than  do  the  other  material,  as  in  the  case  for  ferrites.  Opti¬ 
mum  firing  temperature  for  CU2Z  has  not  been  determined,  although  it 

is  apparent  from  the  available  data  that  this  temperature  will  lie  near 
1200° C.  It  is  also  apparent  that  a  small  quantity  of  Cu^Z  (or  Cu^Y  or 

Cu^W)  should  serve  as  a  flux  in- other  Z,  Y,  or  W  compounds  to  pro¬ 
mote  high  density  sintering. 

In  the  early  part  of  this  work,  some  difficulty  with  cracking  of 
the  samples  during  firing  was  experienced.  Some  improvement  was 
achieved  by  mixing  in  the  binder  during  the  ball  milling  operation  fol¬ 
lowing  the  presintering  step  (earlier,  a  mortar  and  pestle  had  been 
used),  and  by  addition  of  5%  water  as  a  lubricant  just  before  pressing. 
(It  should  also  be  pointed  out  that  Hyform  1205  apparently  "  ages"  on 
the  shelf,  and  its  use  results  in  sample  cracking  thereafter.  A  fresh 
supply  should  be  maintained  at  all  times). 
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4.  NlW-CoW  PREPARATION  AND  ALIGNMENT 

Greatest  microwave  emphaals  was  placed  on  the  NlW-CoW  mate¬ 
rials,  and  as  a  result  of  microwave  evaluation  certain  steps  in  the  prsp- 
aration  process  outlined  above  were  modified. 

Starting  compositions  of  BaO*  2Q,-xNl  O*  8  Fe  2^3 

was  used,  and  these  iron  deficient  materials  were  presintered  at  tem¬ 
peratures  near  llOO^C.  It  was  found  that  the  highest  degree  of  align¬ 
ment  of  sintered  samples  was  obtained  In  those  that  had  been  run  In  an 
attritor  mill  (step  S)  for  hours  with  water  and  Hyform  1205  after  the 
presintering  stage  (4).  In  general  It  was  found  that  the  higher  the  degree 
of  dispersion  of  the  material  In  the  slurry,  the  better  the  alignment.  Best 
results  were  obtained  with  materials  pressed  directly  from  the  slurry 
extracted  from  the  attritor  mill.  This  contained  approximately  50  per 
cent  solid  material,  50  per  cent  water  and  per  cent  Hyform  1205 
(all  percentages  by  weight).  The  slurry  was  poured  Into  a  non-magnetlc 
die  and  oriented  by  an  applied  field  of  approximately  •  707 

where  Is  the  value  of  anisotropy  field  expected  for  the  resultant 

material.  (Further  discussion  of  orienting  fields  appears  in  Appendix  1.) 
Fig.  14  shows  the  press  and  magnet  assembly  used.  A  small  motor 
driven  rig  was  also  constructed  to  permit  rotation  of  the  die  while  press¬ 
ing  In  order  to  facilitate  the  orientation  of  planar  materials. 

The  pressed  oriented  material  was  dried  from  24  to  48  hours  at 
room  temperature  and  4  to  8  hours  at  100**C.  Samples  were  subsequently 
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Figure  14,  Magnet  and  Press  Assembly  for  Orienting  Materials 
During  the  Pressing  Operation 
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o 

fired  at  1350  C  for  4  hours  or  less  and  cooled  at  furnace  cooling  rate. 

4.  1  Effects  of  Particle  Size 

The  particle  size  and  size  distribution  at  almost  every  stage  in 
the  synthesis  process  is  of  considerable  importance.  Small  grains  are 
desirable  in  the  initial  ball  milling  and  presintering  stages  as  they  will 
speed  both  mixing  and  firing  process  (the  smaller  the  particles  the 
more  reactive  the  material).  From  the  ceramic  standpoint  a  good 
particle  size  distribution  is  desired  at  the  pressing  stage,  and  absolute 
particle  size  is  of  only  secondary  importance.  A  good  size  distribution 
facilitates  achieving  a  high  packing  fraction  and  hence  a  higher  final 
density.  Size  distribution  effects  are  probably  of  greater  importance 
in  spherically  shaped  grains  than  in  the  oriented  plate-like  grains  of 
hexagonal  materials,  but  a  reasonably  good  distribution  is  probably  still 
required.  The  standard  ball  milling  techniques  used  are  known  to  pro¬ 
mote  a  distribution  of  particle  sizes,  and  this  is  felt  to  suffice  for  the 
present  case. 

In  the  orienting  process  absolute  particle  size  is  of  importance, 
and  the  actual  requirements  are  the  object  of  competihg  demands.  The 
orienting  torque  per  unit  volume  exerted  on  a  crystallite  is  given  in 
equation  I  -3,  but  the  absolute  toroue  varies  directly  with  the  volume  of 
the  crystallite.  Thus  the  larger  the  crystallite,  the  greater  the  torque. 
Now  the  constraints  that  operate  to  inhibit  orientation  must  also  be  con¬ 
sidered.  Two  chief  constraints  maybe  considered:  (1)  mechanical 
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constraints  of  neighboring  particles  and  (2)  viscosity  of  the  slurry. 

The  second  constraint,  viscosity,  will  exert  frictional  forces  on  the 
surf  ace  of  the  crystallite  that  impede  rotation.  These  frictional  forces 
will  vary  with  the  type  of  slurry  used,  but  in  any  case  will  vary  directly 
with  the  surface  area  of  the  crystallite.  Since  the  torque  varies  with 
the  volume,  and  the  frictional  forces  with  surface  area,  the  net  ori¬ 
enting  force  will  vary  as  the  ratio  of  volume  to  surface  area,  and 
hence  directly  with  mean  particle  dimensions.  Again  it  appears  that 
orientation  should  improve  with  increasing  particle  size.  We  must 
still  consider,  however,  the  mechanical  constraints  from  neighboring 
particles.  While  these  forces  cannot  be  computed,  it  is  reasonable 
to  suppose  that  the  greater  the  dispersion  of  particles  within  the  slurry, 
the  less  important  this  factor  becomes.  (If  neighboring  particles  never 
come  into  contact,  slurry  viscosity  will  be  the  overriding  factor.)  Since 
small  particle  sizes  yield  a  higher  degree  of  dispersion  (or  suspensi  on) 
in  aqueous  slurries,  this  first  restraining  factor  favors  small  parti¬ 
cle  sizes. 

It  is  also  of  great  importance  to  note  that  equation  1-3  was  obtain¬ 
ed  under  the  assumption  that  crystallites  were  single  domain  particles. 

The  net  orienting  torque  will  be  appreciably  reduced  in  the  case  of  multi - 
domain  particles.  >  s  a  result  of  these  considerations  it  appears  that  for 
greatest  alignment  on  pressing  one  would  like  to  have  particles  sizes  just 
under  the  single  domain  limit.  The  critical  diameter  for  single  domain 
particles  is  proportional  to"/K/M^  .  Thus  the  larger  the  anisotropy  field 
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the  larger  the  single  domain  particle  size  limit.  If  the  material  to  be 
pressed  is  to  have  only  single  domain  particles,  the  size  of  these  parti¬ 
cles  must  be  decreased  with  decreasing  anisotropy  field. 

If  a  permanent  magnet  material  is  desired  with  a  high  coercive 
force,  it  is  imperative  that  the  grain  size  of  the  sintered  material  be 
below  the  critical  size  for  single  domain  particles.  Thus  if  a  permanent 
magnet  material  is  desired,  the  particle  size  of  the  pressed  material 
must  be  so  small  that  even  after  grain  growth  occurs  in  firing  the  parti¬ 
cles  will  still  be  of  single  domain  size.  Since  the  critical  diameter  of 
single  domain  particles  varies  with  the  square  root  of  the  anisotropy 
constant,  this  size,  and  hence  detailed  treatment,  will  vary  from  one 
material  to  the  next.  Very  weakly  anisotropic  material  would  require 
extremely  small  particles  to  achieve  any  sort  of  permanent  magnet 
properties. 

Our  experiments  indicated  that  the  degree  of  orientation  continued 
to  Improve  with  reduction  in  pressed  particle  size  to  the  limit  that  our 
experiments  were  carried.  Best  alignment  was  obtained  from  material 
run  in  an  attritor  mill  for  hours  and  fired  at  1350°  C  for  4  hours.  The 
particles  of  the  final  fired  samples  were  in  the  form  of  flat  platelets  with 
basal  plane  diameters  of  the  order  of  2  to  3  microns. 

The  degree  of  alignment  in  all  cases  improved  with  firing  time 
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and  grain  growth.  It  has  been  shown  by  Stuijts  that  in  the  vast  majority 
of  cases  Incorrectly  aligned  crystals  are  eliminated  in  the  growth  process, 
and  only  under  the  most  unusual  conditions  will  an  Incorrectly  aligned 
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crystal  grow  at  the  expense  of  its  more  numerous  oriented  neighbors. 
Evidence  of  the  improvement  in  alignment  realized  through  grain  growth 
and  the  preferred  growth  of  oriented  crystals  is  seen  in  comparing 
Figs.  15  and  16.  These  absorption  curves  are  plotted  for  two  identical 
samples  with  only  the  firing  time  varied.  The  data  of  Fig.  15  were 
obtained  on  a  sample  heated  to  the  final  sintering  temperature  in  8  hours 
and  held  there  for  2  hours,  while  the  other  sample  (Fig.  16)  was  raised 
to  sintering  temperature  in  15  minutes  and  held  there  for  only  10 
minutes.  Both  samples  were  in  the  form  of  small  pellets,  and  both 
appeared  to  have  undergone  a  complete  reaction.  It  is  obvious  on  com¬ 
paring  these  two  sets  of  data  that  the  longer  firing  time  enhances  crystal¬ 
lite  orientation.  Thus  in  preparing  oriented  materials  with  a  large 
coercive  force  it  is  advisable  that  the  material  to  be  pressed  be  con¬ 
stituted  of  very  small  particles.  In  this  way  one  can  allow  for  sufficient 
grain  growth  to  enhance  orientation  and  at  the  same  time  not  exceed  single 
domain  particle  dimensions  in  the  final  product. 

4.  2  Lotgerlng  Alignment.. 

Studies  of  alignment  Indicate  that  the  degree  of  alignment  achieved 
deteriorates  to  some  extent  with  decreasing  anisotropy  field.  Since  the 
orienting  torque  on  a  crystallite  in  the  slurry  is  under  any  circumstances 
directly  proportional  to  the  anisotropy  constant  (see  equation  I  -3),  this 
is  to  be  expected.  The  orienting  torque  approaches  zero  as  the  aniso¬ 
tropy  field  approaches  zero.  To  make  matters  worse,  as  the  anisotropy 
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field  is  decreased  the  magnetization  of  a  given  sized  particle  will  break 
into  a  multi-domain  configuration  and  thus  further  reduce  the  orienting 
torque. 

This  unhappy  state  can  be  avoided  by  using  a  technique  of  chemical 

19 

alignment  first  proposed  by  Lotgering.  The  method  was  originally 
proposed  for  use  in  preparing  oriented  planar  materials  without  the  use 
of  a  rotating  magnetic  field.  Lotgering  found  that  oriented  crystals  of 
material  could  be  prepared  by  the  reaction  of  oriented  grains  of  a  highly 
uniaxial  material  with  non-orlented  grains  of  non-magnetic  components. 
He  found,  for  example,  that  when  a  mixture  of  the  highly  anisotropic  M 
compound  and  Fe30^  crystals  was  pressed  in  the  presence  of  an  orient¬ 
ing  field,  the  c-axes  of  M  crystals  were  aligned,  and  the  weakly  aniso¬ 
tropic  Fe304  remained  unaligned.  When  this  mixture  was  fired,  how¬ 
ever,  the  solid  state  reaction  took  place  forming  Fe2  W  from  the  mixture, 

and  the  c-axes  of  this  reaction  product  preserved  the  orientation  of  the 
c-axls  of  the  M  crystals.  In  this  technique  then  the  orienting  torque  Is 
independent  of  the  anisotropy  of  the  final  product.  It  Is  then  feasible  to 
orient  materials  with  vanishingly  small  anisotropy  field. 

This  technique  was  applied  to  the  preparation  of  thelNlj.^OjjlZ^ 
series  where  the  anisotropy  field  approaches  zero  as  x  approaches  0.  5. 

In  the  preparation  of  the  (Ni  ^Co  2^  materials,  for  example,  the 

Ni2W  compound  “  12.7  koe)  is  first  prepared  and  presintered.  To 
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this  presintered  material  is  added  sufficient  raw  non-magnetic  mate¬ 
rial  to  bring  the  metallic  ion  ratio  to  that  of  the  desired  final  compo¬ 
sition.  Upon  pressing,  the  uniaxial  crystallites  of  Ni  2W  are  oriented 
with  c-axes  aligned,  and  in  the  final  sintering  process  the  solid  state 
reaction 

0.6  [^BaO-  2NiO  -8Fe2c3  +  0.  iBaCOj  +  0, 4C02O3  +  3.  2Fe203 
BgO- 2[Ni  ^Co  4C^-  8Fe203+  O.4CO2  f  +  0.  4  O2  f 

takes  place,  forming  the  reaction  product  (N1  ^Co  4)2^  with  the  liber¬ 
ation  of  some  gases.  Final  crystallite  orientation  is  undisturbed  from 
that  of  the  Ni  2W  crystals. 

It  was  generally  found  that  for  the  weakly  anisotropic  materials 
the  Lotgering  technique  produced  significantly  better  alignment  than 
did  the  more  conventional  techniques.  The  anisotropy  fields  of  fired 
samples  oriented  by  the  different  techniques  were  in  good  agreement; 
the  Lotgering  technique  produced  samples  with  slightly  higher  values 
of  anisotropy  field.  This  is  taken  as  an  additional  sign  of  improved 
alignment.  (See  discussion  of  Subsection  II,  3.  3.)  When  this  Lotgering 
technique  is  employed  the  material  must  be  sintered  long  enough  for 
the  solid  state  reaction  to  transpire.  During  this  time  grain  growth 
will  also  occur  (as  it  must  if  this  reaction  is  to  be  carried  to  completion), 
and  the  ultimate  particle  size  will  not  be  as  small  as  that  obtainable 
from  the  more  conventional  techniques. 
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SECTION  IV 


EVALUATION  OF  MATERIALS 

1.  DETERMINATION  OF  ORIENTATION 

As  a  result  of  the  continuing  preparation  study  discussed  in 
Section  HX,  high  quality  ceramic  materials  with  densities  in  excess 
of  90  per  cent  of  the  x-ray  density  could  be  reproduclbly  fabricated. 

A  major  problem  In  the  fabrication  process  was  that  of  orienting  In¬ 
dividual  crystallites  within  the  material.  Much  effort  went  Into  study¬ 
ing  and  Improving  the  degree  of  orientation  of  these  materials.  The 
orientation  achieved  can  be  judged  In  several  possible  ways.  A  quick 
estimate  of  the  degree  of  orientation  can  be  made  by  noting  the  asym¬ 
metry  In  shrinkage  that  occurs  on  firing.  In  an  oriented  polycrystalllne 
sample  the  shrinkage  that  occurs  during  sintering  Is  much  greater 
along  the  c-axls  than  In  the  basal  plane.  Thus  any  oriented  sample 
will  shrink  asymmetrically.  If  a  disc  shaped  sample  is  pressed  with 
c-axes  oriented  in  the  plane  of  the  disc,  upon  sintering  it  will  take  on 
an  elliptical  shape,  and  the  degree  of  orientation  can  be  estimated  from 
the  degree  of  ellipticlty. 

A  second  method  of  estimating  the  degree  of  orientation  is  by 
metallographic  examination.  If  one  is  looking  along  the  c-dlrection 
one  sees  hexagonal  shaped  plates.  At  90°  to  the  c-direction,  however, 
one  sees  apparently  needle  shaped  grains  which  are  In  reality  cross 
sections  of  the  plates.  The  alignment  can  be  estimated  by  observation 
of  the  departure  from  the  ideal  pattern. 
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Probably  the  most  precise  estimate  can  be  obtained  from  studies 
of  x-ray  powder  diffraction  data  taken  on  the  material.  If  the  x-ray 
beam  is  reflected  from  planes  parallel  to  the  basal  plane,  all  (hkl) 
reflections  except  the  (O'  0  ‘  1)  reflections  are  extinguished.  Thus  in  a 
completely  oriented  sample  placed  in  the  geometric  arrangement  shown 
in  Fig.  17  only  the  (  0  •  0  •  l)  reflections  will  be  observed.  In  a  non- 
oriented  sample  (hkl)  reflections  still  occur.  Thus  the  degree  of 
orientation  can  be  judged  by  comparing  the  x-ray  diffraction  pattern 
of  the  "  unknown"  sample  with  that  of  a  randomly  oriented  sample  of 
the  same  crystal  structure.  As  alignment  improves  the  ratio  of  the 
sum  of  the  intensities  of  (OOD  reflections  increases  with  respect  to 
the  intensities  of  (hkl)  reflections. 

The  degree  of  alignment  could  most  accurately  be  described  by 
a  distribution  function  that  describes  the  number  of  crystals  with  c-axes 
at  various  angles  to  the  desired  direction  as  a  function  of  that  angle. 
While  this  would  be  the  most  exact  method,  it  would  also  be  an  ex¬ 
tremely  tedious  one,  A  semi-quantitative  approach  was  instead  adapted 
that  yields  a  single  number  as  an  index  of  the  degree  of  alignment. 

This  index  is  calculated  as  follows.  The  sum  of  intensities  of 
all  (hkl)  and  (001)  reflections  of  a  randomly  oriented  sample  is  first 
calculated  as  is  the  sum  of  intensities  of  (001)  reflections.  The  ratio 
of  these  sums,  p^  for  a  randomly  oriented  sample  is  then  computed 

y 

Pn  =  ^  001 - -  The  same  ratio  is  computed  for  an  oriented 

Ehkl  +£001 
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sample  and  is  denoted  by  p.  As  the  alignment  improves  p  varies 
from  Pq  (for  random  orientation)  to  1.  0  (for  perfect  alignment).  As 

an  index  of  orientation  then  we  can  use 

f  -  P  ~  Pq _  .  (4) 

1  -Po 

This  quantity  increases  from  0  for  random  orientation  to  1.  0  for 

1 9 

perfect  alignment  and  is  the  same  quantity  used  by  Lotgering. 

In  determining  values  of  po  it  is  important  that  the  sample 
have  truly  random  orientation  of  crystallites.  In  preparing  this  ran¬ 
dom  sample  care  must  be  exercised  to  avoid  the  accidental  occcurance 
of  preferred  orientation  among  the  plate  shaped  grains.  Care  should 
also  be  exercised  in  taking  patterns  on  oriented  material  (as  well  as 
unoriented)  to  grind  away  the  surface  layer  so  that  the  diffraction 
pattern  is  characteristic  of  the  true  volume  of  the  material.  The  sur¬ 
face  may  contain  crystallites  of  extraneous  orientations  and  in  some 
cases  extraneous  compositions.  (The  later  condition  has  been  occasion¬ 
ally  observed  and  is  believed  due  to  the  occurance  of  a  minor  reaction 
between  the  ceramic  material  being  fired  and  the  boat  in  which  it  is  con¬ 
tained.^  In  the  present  effort  the  surface  layers  of  all  materials  were 
removed  before  diffraction,  resonance,  or  device  work  was  begun. 

In  the  current  program  x-ray  diffraction  patterns  were  re¬ 
corded  on  a  General  Electric  XRD-5.  Sample  patterns  indicating  ori¬ 
entation  indices  of  0,  0.  74,  and  0.95  are  shown  in  Fig.  18.  For  low 
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Figure  18.  X-Ray  Diffraction  Pattern  on  Materials  with  Orientation 
Indices  of  (a)  0.  0,  (b)  0.  74,  and  (c)  0.  95 
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degrees  of  alignment  some  (hkl)  reflections  overlap  (001)  reflections 
and  hence  contribute  son  e  inaccuracy  to  the  lower  indices.  With  re¬ 
gard  to  Fig.  18  it  should  be  remembered  that  relative  intensity  rather 
than  absolute  Intensity  is  important  here.  Note  the  almost  complete 
absence  of  (hkl)  reflections  on  the  lower  trace  for  f  =  0.  95. 

One  final  method  of  determining  degree  of  alignment  on  ori¬ 
ented  materials  is  through  examination  of  the  microwave  absorption 
characteristics  of  the  material.  The  more  completely  aligned  the 
material,  the  more  narrow  its  resonance  absorption  line.  Good  align¬ 
ment  is  also  indicated  by  the  presence  of  only  one  peak  In  absorption 
and  by  a  generally  low  level  of  absorption  at  points  away  from  the 
main  resonance  absorption  line.  This  absorption  study  is  only  a  qual¬ 
itative  test,  and  not  as  accurate  as  the  x-ray  technique. 

During  this  program  no  detailed  study  of  the  dielectric  loss 
tangents  was  conducted.  The  few  measurements  made  indicate  loss 
tangents  of  the  order  of  0.  03  as  measured  at  20  me.  If  this  loss  re¬ 
mains  at  this  level  up  to  K  and  V  bands  this  could  account  for  most  of 
the  insertion  loss  observed  in  the  devices  discussed  in  Section  V.  As 
a  general  rule,  however,  dielectric  loss  tangents  decrease  monatonlcally 
with  frequency  in  the  microwave  range. 
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2.  MEASUREMENT  OF  SATURATION  MAGNETIZATION 


Meaiurementt  of  sataration  magnetization  were  made  using  a 
vibrating  sample  magnetometer  shown  in  Fig.  19  and  in  the  diagram 
of  Fig.  20.  The  measurement  is  based  on  the  detection  of  the  ac  mag¬ 
netic  field  set  up  by  the  vibrating  magnetic  sample.  A  small  sphere 
of  the  unknown  material  is  placed  in  a  strong  saturating  dc  magnetic 
field.  The  sample  is  vibrated  at  a  low  audio  frequency  (~  100  cps)  and 
the  oscillating  dipole  field  thus  generated  is  detected  by  two  coils  so 
positioned  as  to  minimize  stray  pickup.  This  dipole  field  is  nulled  with 
a  signal  generated  in  two  similar  coils  by  a  permanent  magnet  attached 
to  the  same  vibrating  rod.  The  system  is  calibrated  by  using  a  nickel 
sphere  as  the  "unknown". 

The  result  of  magnetization  measurements  made  on  spheres  of 
the  BaD  2  j^Co  •  7.  8Fe  2©^  series  are  shown  in  Figs.  21 
through  27  for  X  =  0.  0,  0.05,  0.  10,  0.  20,  0.25,  0.  30,  0.40,  and  0.  50. 
The  alignment  index  is  shown  for  each.  The  magnetization  of  these  mate- 
rails  is  almost  Independent  of  cobalt  content.  Measured  values  do,  how¬ 
ever,  vary  with  alignment.  Some  of  the  poorly  aligned  materials  with 
high  anisotropy  fields  (see  Figs.  21,  24,  and  25)  exhibit  magnetization 
curves  that  indicate  incomplete  saturation  of  the  material.  This  may 
account  for  the  lower  saturation  magnetization  of  those  materials.  The 
incomplete  saturation  undoubtedly  arises  from  the  fact  that  misaligned 
crystallites  of  the  highly  anisotropic  material  are  not  saturated  by  the 
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Figure  19.  Upper  Photo  -  X-rmy  Diffractometer 

Lower  Photo  -  Vibrating  Sample  Magnetometer 
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Figure  20.  Block  Diagram  of  Vibrating  Sample  Magnetometer 
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APPLIED  FIELD  IN  KILD-OEMTEDt 

Figure  21.  Demagnetization  Curve  for  Ni2W.  Sample  No.  H35-3AB 
Alignment  Index  Indicated 
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Figure  22.  Demagnetization  Curves  for  (Ni  „  Co  K  W 

•  9  3  *03  2 

Sample  Nos.  (a)  H36A,  (b)  H36R 
Alignment  Indices  Indicated 
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Figure  23.  Demagnetization  Curves  for  (Ni  ^Co 
Sample  Nos.  (a)  H37C,  (b)  H38J 
Alignment  Indices  Indicated 
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Figure  24.  Demagnetization  Curves  for  (a)  (Ni  Co  )  W 

•  8  f  Z  Z 

Sample  No.  H39E,  (b)  (Ni  ,Co  3)  2W,  Sample  No.  H40E 
Alignment  Indices  Indicated 
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APPLIED  FIELD  M  KILOOEP8TEDS 

Figure  26.  Demagnetization  Curve  for  (N1  ^Co  Sample  No.  H43D 

Alignment  Index  Indicated 
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APf^LIED  FIELD  IN  KILO-OCMTBDS 

Fi7ure  27.  Dema'^nctization  Curve  for  (Ni  5^0  5)2^,  Sample  No.  H45B 
Alignment  Index  Indicated 
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d-c  applied  field  lince  thli  field  (6800  oe  )  is  not  large  enough  to  over¬ 
come  the  anlaotropy  field  of  the  materials.  All  data  were  taken  on 
spherical  samples  with  easy  axis  parallel  to  applied  field. 

The  effect  of  particle  size  on  coercive  force  and  hence  permanent 
magnet  properties  is  seen  in  Fig.  22.  The  data  of  curve  A  were  taken 
on  a  sample  with  average  particle  size  of  approximately  7  microns  and 
Indicate  a  coercive  force  of  approximately  100  oe.  as  measured  on  a 
sphere.  The  data  of  curved  were  obtained  on  a  sample  run  through 
the  attrltor  mill  whose  average  particle  size  was  approximately  2  microns. 
The  latter  material  has  a  coercive  force  of  approximately  400  oe.  as 
measured  on  a  sphere  and  better  permanent  magnet  properties. 

3.  MICROWAVE  EVALUATION 

3.  1  Measurement  Teehniouea 

Ferromagnetic  resonance  studies  were  conducted  on  non-oriented 
samples  of  Co2  Z,  NI2Z,  Zn2Z,  Mg2Z,  CU2Z,  Ni2Y.  Zn2Y,  and 

Mg2Y  and  on  oriented  samples  of  the  (Nij^_j^Co^  ^2^  series.  These 
measurements  were?  for  the  most  part  carried  out  at  37.  5  kmc  with  some 
measurements  nude  at  25  kmc.  Data  obtained  from  measurements  carried 
out  at  25  kmc  were  in  good  agreement  with  that  obtained  at  37.  5  kmc.  The 
higher  frequency  facilitates  the  study  of  ferromagnetic  resonance  in  mate¬ 
rials  with  a  wider  range  of  anisotropy  fields. 

Data  were  obtained  using  a  conventional  ferromagnetic  resonance 
spectrometer^^  using  a  reflection  cavity.  A  block  diagram  of  the  equipment 
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is  shown  in  Fig.  28,  and  this  equipnnent  is  seen  in  the  photograph  of 
Fig,  29.  By  sampling  the  incident  and  reflected  signal  the  reflection 
coefficient  (and  hence  VSWR)  of  the  cavity  can  be  obtained.  Pertur¬ 
bation  calculations  show  a  direct  relation  between  the  imaginary  part 
of  the  diagonal  component  of  the  susceptibility  tensor  y^"xx,  and  the 
Q  of  the  cavity.  Cavity  Q  is  in  turn  directly  related  to  the  VSWR,  Thus 
by  monitoring  the  reflection  coefficent  of  the  cavity  as  a  function  of 
field  one  may  obtain  plots  of^"xx  versus  H.  All  such  data  shown  here 
have  been  normalized  toX"xx/(X"xx)^j^jj  .  From  these  data  the  field 
required  for  resonance  is  obtained  as  well  as  the  linewidth  of  the  mate¬ 
rial,  The  latter  quantity  is  defined  as  the  field  difference  between 
points  where  X*"  XX  reaches  onei-half  its  maximum  value,  Linewidths 
measured  in  this  way  are  independent  of  sample  size  so  long  as  the 
sample  is  sufficiently  small  to  allow  the  application  of  perturbation 
theory. 

Measurements  were  made  of  the  absorption  spectra  of  oriented 
materials  with  the  applied  magnetic  field  both  parallel  and  perpendicular 
to  the  c-axes  (the  easy  direction).  Such  data  are  shown  in  Figs.  15  and 
16.  When  the  applied  magnetic  field  is  along  the  easy  direction  of  mag¬ 
netization  of  the  material,  Kittel's  resonance  equation  becomes  (for  a 
spherical  geometry) 

“res  ”an^  .  (5) 
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Figure  28.  Block 


RKU.Kf  ri.l»  W  A  VI. 


Diagram  of  Ferromagnetic  Resonance 
ometer 
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Fii^ure  29.  Reflection  Type  Resonance  Spectrometers  in  this  Laboratory. 

Upper  Photo  Shows  V-  and  K-baad  Set-ups,  and  Lower  Photo 
Shows  X-band  Set-ups. 
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where  is  the  d-c  field  required  for  resonance  along  an  easy  direction. 

With  the  applied  field  perpendicular  to  the  easy  direction  (along 
a  hard  direction)  the  resonance  condition  becomes: 


“res  “  Y 


(6) 


where  is  the  d-c  field  required  for  resonance  along  the  hard  direction. 
These  two  equations  can  be  solved  simultaneously  yielding, 


H, 


an 


+  4(Hh-h|) 


2 


(7) 


and 


«eff 


Y 

1.40 


u 

res 


1.40  (Hp  +  H„^) 
ai  an 


(8) 


where  g^££  is  the  effective  g-factor,  and  other  quantities  are  as  previously 
defined. 

Microwave  resonance  measurements  thus  allow  the  computation 
of  the  material  anisotropy  field,  effective  g-factor,  and'' linewidths  along 
easy  and  hard  directions  as  well  as  providing  a  further  check  on. orientation. 
3.  2  Data  Taken  at  Room  Temparatura 

Resonance  data  recorded  on  unoriented  samples  of  C02  Z,  Ni  2Z, 

Zn^Z,  Mg  2Z,  CU2Z,  C02Y,  Ni  2Y,  Zn  2Y,  and  Mg  2Y  are  shown  in 

Figs.  30,  31,32,33,34,35,36,37,  and  38  respectively.  Such  absorption 
spectra  on  unoriented  polycrystalline  samples  are  extremely  difficult  to 
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Figure  30. 
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K-band  Resonance  Absorption  Spectrum  of  Unoriented 
CogZ 


70 


10 


14 


AMLWD  riELO  M  KILO-OCRSTIOO 
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Figure  32.  K-band  Resonance  Absorption  Spectrunn  of  Unorlented 
Zn^Z 
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Figure  33. 
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K-band  Resonance  Absorption  Spectrum  of  Unoriented 
Mg^Z 
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Figure  34.  K-band  Resonance  Absorption  Spectrum  of  Unoriented 
Cu  Z 

Ca 
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Figure  35.  K-band  Resonance  Absorption  Spectrum  of  Unoriented 
C02  Y 
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Figure  36.  K-band  Resonance  Absorption  Spectrunn  of  Unoriented 

NljY 
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Figure  37,  K-band  Resonance  Absorption  Spectrum  of  Unoriented 
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Figure  38.  K-band  Resonance  Absorption  Spectrum  of  Unoriented 
Mg^Y 
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unravel,  and  only  recently  have  theorlee^^  appeared  that  relate  each 
epectra  to  fundamental  parametere.  Thus  only  the  most  general  con¬ 
clusions  can  be  drawn  from  such  data.  While  these  data  were  taken  at 
25  kmc,  absorption  spectra  measured  at  37.  5  kmc  were  found  to  be  in 
in  good  agreement  on  all  principle  features.  It  appears  that  the  planar 
materials  (all  Y  materials  and  Co  2^)  have  a  less  complex  absorption 

spectra  with  better  resolution  of  the  resonance  absorption  line  and  per¬ 
haps  narrower  absorption  lines  in  this  unoriented  state.  Narrowest  lines 
were  found  in  the  cases  of  Zn^Y,  Mg  2Y,  Nl^Y  and  Co^Z  and  CU2Z. 

A  thorough  resonance  study  was  made  of  the  series  of  solid 
solutions  of  Ni  2W  and  Co  As  previously  pointed  out  it  was  thought 

that  the  substitution  of  cobalt  for  nickel  in  the  W  structure  would  make 
possible  the  control  of  the  anisotropy  field  over  a  useful  range  of  values. 

In  order  to  determine  experimentally  the  effects  of  such  substitutions 
a  series  of  W  compounds  of  the  formula  BaO  •  2  jjl-x)NlO  •  xCoC^  •  7,  8Fe203 
were  prepared  and  investigated  with  0^  x  ^  0.  5.  It  was  found  that  this 
series  permits  the  accurate  control  of  the  anisotropy  field  from  0  to 
12.7  kilo  oersteds. 

This  series  of  materials  was  prepared  and  oriented  by  the  tech¬ 
niques  described  in  Section  C.  Densities  of  approximately  90  per  cent 
of  the  x-ray  density  were  obtained  on  these  materials.  Resonance  ab¬ 
sorption  spectra  taken  at  37.  5  kmc  on  samples  of  BaO  •  2  [jl-x)NlO  'xCoC^ 
'7.  8Fe203  with  x  =  0,  0.05,  0.  10,  0.20,  0.25,  0.30,  0.  40  and  0.  50  are 
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shown  in  Figs.  39,  40,  41,  42,  43,  44,  45,  and  46  respectively.  Each 
figure  shows  absorption  spectra  taken  with  both  parallel  and  per¬ 
pendicular  to  the  easy  direction,  i.  e. ,  the  c-axes  of  the  crystals. 

Fro>n  these  data  and  equations  |7)  and  (8)  the  effective  anisotropy  field 
and  g-factor  can  be  calculated  for  each  of  these  nnaterlals.  These  values 
are  tabulated  in  Table  4  together  with  measured  linewidths  of  the  reso¬ 
nance  absorption  curves  for  along  both  the  easy  (6  H^)  and  hard 

(AH^)  directions. 

The  linewidth  exhibits  no  systematic  dependence  on  cobalt  con¬ 
tent,  but  depends  strongly  on  degree  of  orientation.  The  best  aligned 
materials  (alignment  index  f  >  0.  9)  exhibited  linewidths  of  the  order 
of  1500  to  1800  oe.  While  none  of  the  particular  samples  listed  in  the 
table  were  that  well  aligned,  such  a  high  degree  of  alignment  has  been 
obtained  on  the  5,  10,  and  30  per  cent  cobalt  substituted  nickel  W  mate¬ 
rial.  Moderate  alignment  (0.  8  >  F>  0.  6)  resulted  in  linewidths  of  2000 
to  3000  oe.  ,  while  poor  alighment  (f  <  0.  5)  resulted  in  arbitrarily  large 
breadth  O  7000  oe, )  In  the  case  of  well  aligned  samples  where  the 
resonance  line  was  of  approximate  Lorentzian  shape  the  widths  mea¬ 
sured  along  easy  and  hard  directions  were  approximately  equal.  For 
the  poorly  aligned  samples  it  was  frequently  difficult  to  resolve  clearly 
the  resonance  line  along  one  or  the  other  of  these  directions. 

The  variation  of  anisotropy  field  with  cobalt  content  is.showrt 
in  Fig.  47  and  the  dependence  appears  to  be  almost  linear.  Virtually 
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TABLE  4 


Resonance  properties  of  3aO»  2(N1  COj^O)  •  7,  8Fe20  3  at  37.  5  kmc 


X 

Sample  No. 

Hrese 

”resh 

Han 

Seff 

^He 

^Hh 

(oe. ) 

(oe. ) 

(oe. ) 

(oe. ) 

(oe. ) 

0.  00 

H-35-3A3 

200 

20.  800 

12,  750 

2.  09 

4.  000 

2,300 

0.  05 

H-36A 

1.  400 

20.  800 

12.  060 

2.  00 

3,  000 

2,  600 

0.  10 

H-38A 

2.  800 

20,  100 

10.  850 

1.  97 

2,  900 

2,  200 

0.  20 

H-39C 

5,  100 

18.  500 

8.  500 

1.97 

2.  400 

3.  000 

0.25 

H-460 

6,350 

17,300 

7.  000 

1.98 

2.  600 

4,  400 

0.30 

H-41D 

8.  200 

17.  000 

5,  700 

1.93 

2,600 

3,  500 

0.  40 

H.43O 

10,900 

15,300 

2.900 

1.94 

2,  190 

5,800 

0.  50 

H-453 

12, 500 

13.  800 

850 

2.01 

2,  700 

2,  800 
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BaO*  ZNiO- 7.  8Fe203 
Ovnslty  ■  4.  92  fm*/cm^ 
Sphere:  34  mile 
Sample:  H35>3AB 
37.  5  Kmc 


parallel  to  eaey  direction 
parallel  to  hard  direction 


In  Kllo-oeretede 


Figure  39.  Ferromagnetic  Resonance  in  a  Sphere  of  Ni  W  at  37.  5  kmc 


Relative  Abjorptloa 


BaO  •  UNIO)  ^  •  (2CoO)  ^  •  7.  SFe^Oj 

Density:  4.76  gmm/cm^ 

Sphere:  38  mils 


Figure.  41.  Ferromagnetic  Resonance  in  a  Sphere  of  (Ni  ^o 
at  37.  5  kmc 
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Figure  43.  Ferromagnetic  Resonance  in  a  Sphere  of  (Ni  .^^o  ^ 


Figure  44.  Ferromagnetic  Resonance  in  a  Sphere  (Ni  .^Co  ^  37.  5  Kmc 


- ”de"  C-AXIS 

- Mjg  J.  C-AXIS 


B«0  •  (ZNiO)  ^  •  (2CoO»  4  ■  7.  •  r*jO, 

Ocntlty;  4.  38 
Sphvr*:  Z1  mils 
Ssmpis;  H43C 
ST.  S  Kmc 


Figure  45.  Ferromagnetic  Resonance  in  a  Sphere  of 
(Ni  ^  Co  4  )  2  W  at  37.  5  kmc 


38 


KELATIVE  AB90IIPTION 


(in  Km) 


Figure  47.  Measured  Uniaxial  Anisotropy  Fields  as  a  Function  of 
Cobalt  Content  in  Nickel-Cobalt  W  Compounds. 
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any  anlfotropy  field  from  0  to  12,  700  oe  can  be  obtained  by  selecting 
the  proper  composition. 

The  spread  in  points  observed  for  a  given  composition  may  arise 
from  local  Inhomogenieties  within  a  bar  of  material.  This  spread  could 
also  arise  from  Improved  orientation  of  some  of  the  samples.  It  has 
been  found  that  the  greater  the  alignment  the  larger  the  measured  aniso¬ 
tropy  field.  The  cause  of  increase  In  anisotropy  field  with  orientation 
can  be  deduced  from  the  following  considerations.  With  the  applied  field 
along  the  easy  direction  those  crystals  in  precise  alignment  are  biased 
to  resonance  by  a  certain  value  of  H^pS  improperly  aligned  crystallites 
require  a  slightly  higher  field  for  resonance.  The  result  is  that  the 
apparent  absorption  curve  is  broadened  on  the  high  field  side  of  reso¬ 
nance,  and  the  peak  of  the  curve  shifted  somewhat  toward  that  direction. 
A  similar  argument  can  be  applied  when  the  external  field  is  along  a 
hard  direction;  in  this  case  the  shift  is  toward  the  low  field  side.  The 
net  result  is  that  any  improperly  aligned  crystallites  cause  a  broadening 
of  the  resonance  absorption  line  and  an  apparent  reduction  in  computed 
anisotropy  field. 

Values  of  effective  g-factor  computed  from  resonance  absorption 
spectra  and  equation  (8)  for  each  material  are  shown  in  Fig.  48  as  a 
function  of  observed  anisotropy  field.  While  a  large  spread  is  observed, 
the  general  trend  is  for  the  effective  g-factor  to  decrease  to  a  minimum 
of  approximately  1.  8  before  rising  again  to  about  2.  0.  The  observed 
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Figure  48.  Observed  Values  of  Effective  g-Factor  as  a  Function 
of  Anisotropy  Field. 
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Increase  in  g-factor  as  the  anisotropy  field  approaches  zero  may  result 
from  higher  order  anisotropy  constants  taking  on  increasing  importance 
as  decreases.  Higher  order  terms  have  not  been  included  in  these 

calculations  as  anisotropy  in  the  plane  is  not  observable  on  polycrystalline 
samples  whose  c>axes  are  the  only  uniquely  oriented  crystallographic 
direction. 

3.  3  Data  Taken  as  a  Function  of  Temperature 

Resonance  measurements  were  conducted  as  a  function  of  tem¬ 
perature  from  room  temperature  to  125  The  observed  dependence 
of  anisotropy  field  on  temperature  for  three  different  compositions  is 
shown  in  Fig,  49,  The  anisotropy  field  of  these  compounds  is  found  to 
increase  almost  linearly  with  temperature,  and  the  positive  slope  of 
the  lines  is  larger  for  the  higher  cobalt  content  materials.  The  positive 
slope  and  the  Increase  in  slope  with  Increasing  cobalt  content  both  in¬ 
dicate  that  the  anisotropy  constant  of  cobalt  W  is  a  stronger  function  of 
temperature  than  is  that  of  nickel  W.  This  behavior  is  similar  to  that 
of  the  spinel  ferrites  where  the  anisotropy  of  cobalt  ferrlte^^  falls  off 
more  rapidly  with  temperature  than  does  that  of  nickel  ferrite. 

The  anisotropy  field  of  the  five  per  cent  cobalt  substituted  nickel  W 
material  is  seen  to  be  almost  independent  of  temperature,  increasing  only 
slightly  over  this  temperature  range.  In  the  other  materials  the  tem¬ 
perature  dependence  is  more  marked.  It  is  felt  that  the  breadth  of  the 
resonance  lines  should  render  devices  fabricated  from  these  materials 
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relatively  insensitive  to  temperature  variations.  Furthermore,  since 
the  field  produced  by  a  permanent  magnet  will  decrease  with  increas¬ 
ing  temperature,  by  proper  choice  of  permanent  magnet  material  the 
two  temperature  effects  can  be  made  to  compensate  for  one  another  in 
applications  where  the  anisotropy  field  is  used  to  augment  an  external 
field. 

Linewidths  measured  on  these  materials  as  a  function  of  tem¬ 
perature  were  found  to  be  essentially  constant  over  the  range  studied, 
and  computed  values  of  effective  g-factor  show  it  increasing  with  tem¬ 
perature  in  all  cases  approaching  2.  0  near  125  °C. 


95 


SECTION  V 


DEVICE  FEASIBILITY  STUDIES 

Evaluation  of  these  nnaterials  in  practical  applications  was 
carried  out  as  an  integral  part  of  this  program.  Measurements 
aimed  at  determining  the  applicability  of  these  uniaxial  compounds 
in  resonance  isolators  were  carried  out  at  V-,  K-,  and  X-bands. 
Information  gained  in  this  and  the  resonance  study  was  used  to  im¬ 
prove  the  quality  of  the  material  through  more  careful  preparation. 

1.  V-BAND  RESONANCE  ISOLATORS 

At  V-band  four  different  configurations  were  used.  These  are 
shown  in  Figs.  50  a,  50  b,  50  c  and  51.  The  vertical  slabs  shown  in 
Figs.  50  a  and  51  require  the  least  applied  field  since  demagnetizing 
effects  are  minimized,  and  the  material  can  be  saturated  with  a  small 
externally  applied  field.  The  configuration  shown  in  50  b  has  a  de¬ 
magnetizing  factor  nearly  equal  to  1.  0  in  the  direction  of  the  applied 
field  and  hence  requires  a  field  roughly  equal  to  the  saturation  magnet- 
izption  (4ttM  g  )  greater  than  that  necessary  to  resonate  the  vertical 
slab.  In  general,  larger  isolation  ratios  and  greater  bandwidths  are 
possible  with  this  arrangement  than  with  that  of  50  a.  The  configuration 
shown  in  50  c  requires  a  field  intermediate  between  those  required  for 
50  a  and  50  b,  and  this  dielectric  loaded  isolator  had  improved  isolation 
ratios.  It  should  perhaps  be  pointed  out  that  the  prime  goal  was  an 
evaluation  of  the  material  rather  than  the  perfection  of  an  isolator. 
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Hexagonal  Material 
Under  Teat 


Figure  50.  Three  Configurations  used  in  Fabricating  V-Band  Isolators. 
(Drawing  not  to  scale.) 
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AL  300  TAPCRED  SLAO  ( €  1 9.8) 


Figure  51.  Full  Height  Dielectric  Loaded  Isolator  Configuration. 
Taper  is  in  E-plane 
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Table  5  summarizes  results  obtained  on  five  different  mate¬ 


rials  in  terms  of  field  required  for  resonance,  isolation  ratio  at  maxi¬ 
mum  resonance  absorption,  and  material  parameters  for  the  vertical 
slab  (Fig  50a)  configuration  at  a  frequency  of  36  kmc.  The  invariance 
of  the  sum  of  field  required  for  resonance  and  the  anisotropy  field 
shown  in  column  6  of  this  table  illustrates  that  this  anisotropy  does 
indeed  act  like  an  internal  applied  field. 


TABLE  5 


Summary  of  results  obtained  with  different  materials  in  vertical  slab 
configuration  of  V-band  isolator  at  36  kmc. 


Material  No. 

Han 
(oe. ) 

6  H 

easy 
(oe. ) 

(  Igglfttioa  loii 
\  Isolation  loss 
at  res. 

\  H 

I  res 

•  ( oe. ) 

H  +  H  . 

res  an 

(oe. )  (oe. ) 

H-36A 

12, 060 

3,  000 

14.7 

480 

12, 540 

H-38B 

10,  800 

3,000 

14.0 

1,250 

12,050 

H-39C 

8,  500 

2,  400 

12.0 

4,  000 

12,  500 

H-39E 

8,  650 

2,800 

11.  5 

4,  200 

12,850 

H-41C 

5,  600 

2,450 

11.  3 

7,  250 

12,850 

In  Fig 

.  52  are 

plotted  the  isolation  and  insertion 

losses  of  a 

vertical  slab  of  H-36A  at  35.  68  kmc  as  a  function  of  applied  magnetic 
field.  A  maximum  isolation  ratio  of  14.  5  to  1  was  obtained  at  a  field 
of  approximately  300  oe.  The  frequency  response  of  an  isolator  using 
a  vertical  slab  with  an  aspect  ratio  of  10:1  is  shown  in  Fig.  53.  The 
applied  field  of  approximately  1000  oe  is  supplied  by  ceramic  bar  mag¬ 
nets.  This  V-iband  isolator  has  a  maximum  Isolation  ratio  of  18:1.  The 
characteristics  of  this  vertical  slab  isolator  can  be  greatly  improved 
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Figure  52.  Isolation  and  Insertion  Losses  versus  Applied  Field  for 
Vertical  Slab  of  (Nij^^  Co  3  W 


Figure  53.  Frequency  Response  of  V-band  Isolator  using  Vertical 
Slab  oflNij,  ,5Co  0  (,5) 


through  dielectric  loading  ag  in  the  configuration  of  Fig.  51.  (See  below.) 

The  horizontal  slab  geometry  (Fig.  50b)  generally  yields  broader 
bandwldths  and  higher  isolation  ratios  than  does  the  vertical  slab.  Mea¬ 
surements  were  taken  with  the  slab  placed  in  the  corner  of  the  V-band 
waveguide  test  piece  as  indicated  in  Fig.  50b.  Again  dielectric  loading 
and/or  positioning  the  slab  closer  to  the  plane  of  circular  polarization 
would  Improve  results.  The  corner  positioning  was  selected  solely  be¬ 
cause  of  its  ease  and  reproducibility.  The  response  of  a  slab  of  H-38B 
at  35.  07  kmc  to  a  varying  magnetic  field  is  shown  in  Fig.  54.  A  max¬ 
imum  isolation  ratio  of  14.  5  to  1  is  obtalned^and  the  response  is  notice¬ 
ably  broader  than  that  of  Fig.  52.  Fig.  55  shows  results  obtained  for 
an  isolator  of  this  configuration  using  a  slab  of  H-38B  and  a  biasing  field 
of  5700  oe.  The  Insertion  loss  remained  below  1.  0  db  and  the  isolation 
greater  than  10  db  from  34.  75  to  36.  75  kmc  with  a  maximum  ratio  of 
16:1. 

Results  obtained  on  the  configuration  of  Fig.  50c  are  shown  in 
Fig.  56,  and  a  maximum  isolation  ratio  of  37  to  1  is  observed.  The  fre¬ 
quency  response  obtained  with  this  isolator  and  a  biasing  field  of  3200  oe. 
applied  to  a  slab  of  H-36A  is  shown  in  Fig.  57.  Here  the  insertion  loss 
was  less  than  1  db  and  the  isolation  greater  than  10  db  from  35.  0  kmc 
to  36.  6  kmc  with  a  maximum  isolation  ratio  of  37:1.  This  device  could 
be  easily  broadbanded  by  using  a  second  slab  of  material  having  a  slightly 
different  aspect  ratio  in  tandem  with  the  first. 
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Figure  55.  Frequency  Response  of  V-Band  Isolator  Using 
Horizontal  Slab  of  (Ni^  ^Coq  i)2W. 
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Figure  57.  Frequency  Response  of  Dielectric  Loaded  V<Band 

LoUtor  a.tn*  (Nlj 
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Best  results  at  V-band  were  obtained  with  the  dielectric  loaded 
configuration  shown  in  Fig.  51;  the  frequency  response  of  the  device  is 
plotted  in  Fig.  58.  A  photograph  of  the  unit  indicating  its  snnall  size 
is  shown  in  Fig.  59.  The  permanent  ceramic  magnets  used  supply 
approximately  1000  oe.  which  place  the  center  of  the  operating  band 
at  38.  2  kmc.  The  insertion  loss  of  this  unit  remains  below  1.  0  db 
and  the  Isolation  greater  than  10  db  from  36.  2  kmc  to  39.  5  kmc.  Maxi¬ 
mum  isolation  ratios  of  18:1  were  obtained  at  the  center  frequency. 

Using  a  highly  aligned  sample  of  ten  per  cent  cobalt  substituted 
nickel  W  material  that  had  been  prepared  with  small  particle  size  it 
was  possible  to  obtain  isolator  operation  with  no  externally  applied  mag¬ 
netic  field.  This  class  2  device  again  had  the  configuration  of  Fig.  51. 

A  maximum  isolation  ratio  of  30/1.  5  was  obtained  with  a  10  to  1  band¬ 
width  of  2.  2  kmc.  The  response  of  this  device  is  plotted  in  Fig.  60. 

These  results  show  clearly  that  these  materials  can  be  used 
quite  successfully  in  V-band  resonance  isolators  requiring  little  or  no 
externally  applied  d-c  magnetic  fields.  A  V-band  resonance  isolator 
using  conventional  ferrite  would  require  a  biasing  field  of  about  12,  000  oe. 

2.  K-BAND  RESONANCE  ISOLATORS 

At  K-band  two  configurations  were  tried  -  both  dielectric  loaded. 
The  first  used  an  H-plane  tapered  dielectric  as  shown  in  Fig.  61.  The 
second  was  a  scaled  version  of  Fig.  51.  A  summary  of  results  obtained 
with  the  configuration  of  Fig.  61  on  several  different  materials  is  given 
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Figure  58,  Frequency  Response  of  Dielectric  Loaded  V-band 

Isolator  Using  Configuration  of  Figure  51.  Material 
Used  is  (Ni  ,  Co  j) 
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Figure  59. 
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Figure  60.  Frequency  Response  of  V-band  Resonance  Isolator 
Using  Configuration  of  Figure  51.  Material  is 
(Ni^  ^  Co^  j)  2^  with  No  Field  Applied 
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Figure  61.  Dielectric  Loaded  Configuration  Used  for  K-band 
Isolator  Study.  (Diamonlte  Bar  is  Full  Waveguide 
Height  in  Center  and  Taperedin  H-plane  at  ends. 
Drawing  not  to  scale. ) 
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in  Table  6.  Fig.  62  ihowg  isolation  and  insertion  losses  as  a  function 
of  applied  field  for  a  slab  of  H>41D  at  25.  24  knnc.  Maximum  Isolation 
ratio  is  17.  5  to  1  and  the  isolation  loss  remains  greater  than  20  db  from 
1500  to  4150  oe.  The  frequency  response  obtained  on  this  isolator  using 
a  slab  of  H«41D  with  dimensions  0.  010"  x  0. 100"  x  1.  00"  is  shown  in 
Fig.  63.  The  response  is  seen  to  be  quite  flat  as  a  function  of  frequency, 
and  the  applied  field  la  only  2000  oe.  The  use  of  material  with  a  higher 
anisotropy  field  would  permit  this  isolator  to  be  operated  with  negligibly 
small  biasing  fields. 


TABLE  6 

Summary  of  results  obtained  with  different  materials  in  a  dielectric 
loaded  K«band  Isolator  at  25.  2  kmc. 


Material  No-. 

Han 
(oe. ) 

A  Heasy 
(oe. ) 

( IiQlaUanLloii, 
\Insertion  loss; 
at  res 

1  H,es 
(oe. ) 

»res  ♦  »an 
(oe, ) 

H-39E 

8,650 

2,  800 

self  resonant 
at  higher  fre¬ 
quency 

- 

<8,650 

H-410 

5,700 

2,  600 

17.5 

2,500 

8,  200 

H-43C 

2,600 

2,700 

23.6 

5,800 

8,400 

H-45B 

850 

2,  700 

25.3 

7,  100 

7,950 

The  K'band  modification  of  the  configuration  shown  in  Fig.  51  was 
used  with  the  thirty  per  cent  cobalt  substituted  nickel  W  compound 
that  has  an  anisotropy  field  of  approximately  7000  oe.  This  device  pro* 
duced  a  maximum  isolation  ratio  of  35  to  1  at  a  frequency  of  23  kmc. 

The  applied  field  was  approximately  1000  oe.  and  was  supplied  by  small 


113 


•-  ISOLATION  LOSS 


i6H 


14^ 


12- 

10- 

8- 

6- 

4- 

2- 

o4- 

21 


I,  ,  .y.  ..,1-1  ,  I 

22  23  24  25  26 

FRKQUENCY  I  KMC) 


Figure  63.  Frequency  Response  of  K-band  Dielectric  Loaded 
Isolator  Using  (Nij.  _  Co  -  ,  ) 


ceramic  magnets.  The  frequency  response  is  shown  in  Fig.  64  where 
it  is  seen  that  the  ten  to  one  bandwidth  is  greater  than  6  kmc  or  about 
25  per  cent  bandwidth.  This  compact  device  is  shown  in  Fig.  65. 

An  isotropic  ferrite  requires  a  field  of  approximately  8000  oe 
to  bias  it  to  resonance,  at  K>band. 

3.  OTHER  DEVICE  DATA 

The  forty  percent  cobalt  substituted  'nickel  W  material 

2800  oe. )  was  evaluated  at  X-band,  but  Isolation  ratios  of  no 
better  than  8  to  1  were  obtained.  This  material  had  a  llnewidth  of 
2700  oe.  and  it  is  expected  that  improved  orientation  would  so  reduce 
the  linewldth  as  to  make  considerably  higher  Isolation  ratios  feasible. 

Measurements  of  differential  phase  shift  were  also  made  at 
V-band  in  rectangular  waveguide.  These  measurements  were  carried 
out  on  the  normally  magnetized  slab  configuration  of  Fig.  50b.  Typical 
of  the  data  obtained  are  that  shown  in  Fig.  66.  These  data  do  not  appear 
to  be  those  of  a  material  in  a  region  of  pure  circular  polarization. 

These  results  Indicate  that  when  the  reverse  wave  experiences  no  phase 
shift  the  positive  wave  is  shifted  by  80  degrees  and  both  waves  are  at¬ 
tenuated  by  approximately  1  db.  Greater  differential  phase  shift  should 
occur  if  pure  circular  polarization  were  present,  and  Improved  alignment 
should  lower  the  loss.  The  zero  permeability  region  of  the  negative 
wave  occurs  when  the  applied  field  is  approximately  4000  oe.  Nearly 
12,  000  oe  are  required  to  bias  isotropic  ferrites  to  this  operating  point. 
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Figure  64.  Frequency  Response  of  K-band  Resonance  Isolator  Using 
Configuration  of  Figure  51.  Material  is  (Ni  Co 
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Figure  65.  K-band  Resonance  isolator  Bias  Field  Supplied  by 
Ceramic  Magnets  Snown 
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SECTION  VI 


CONCLUSIONS 

1.  GENERAL  CONCLUSIONS 

Thl*  program  has  resulted  In  the  synthesis  of  a  new  series  of 
oriented  hexagonal  materials  in  which  the  effective  internal  anisotropy 
field  can  be  controlled  and  varied  over  a  range  from  0  to  12,  700  oersteds. 
This  control  is  achieved  through  the  ionic  substitution  of  divalent  cobalt 
for  divalent  nickel  in  the  W  structure. 

Insight  has  been  gained  into  the  problem  of  preparing  oriented 
polycrystalline  material  with  good  microwave  properties.  The  results 
of  this  study  indicate  that  a  high  degree  of  alignment  can  best  be  achieved 
by  reducing  particle  size  to  a  minimum  at  the  pressing  stage  and  allow> 
ing  considerable  grain  growth  during  the  sintering  process.  Desirable 
particle  size  decreases  with  decreasing  anisotropy  field. 

It  can  be  concluded  from  the  data  collected  that  the  anisotropy 
field  of  Co  is  a  stronger  function  of  temperature  than  that  of  Ni^W. 

As  a  result  the  anisotropy  fields  of  solid  solutions  of  these  compounds 
display  an  increasingly  strong  temperature  dependence  as  the  cobalt  con¬ 
tent  is  increased. 

Measured  ferromagnetic  resonance  linewidths  of  these  materials 
are  almost  independent  of  both  cobalt  content  and  temperature  over  the 
range  studied.  The  breadth  of  the  resonance  line  does,  however,  depend 
strongly  on  the  degree  of  orientation. 
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The  ability  to  fabricate  uniaxial  materials  with  an  internal  an¬ 
isotropy  field  of  any  desired  value  within  a  specified  range,  in  principle, 
permits  the  construction  of  devices  requiring  minimum  external  fields 
over  a  broad  frequency  range.  With  data  like  those  shown  in  Fig.  47 
a  device  engineer  can  determine  a  composition  that  will  provide  him 
with  an  internal  field  suited  to  a  particular  application  in  any  one  of  a 
wide  range  of  frequency  bands.  This  is  a  case  of  true  tailoring  of  the 
material  to  the  particular  function  and  frequency  of  the  desired  device. 

The  ability  to  employ  these  materials  in  useful  devices  was 
demonstrated  in  an  overlapping  phase  of  this  program.  Different  mate¬ 
rials  with  appropriate  values  of  Internal  anisotropy  field  were  selected 
for  evaluation  in  V-  and  K-band  resonance  isolators.  Experimental 
data  obtained  on  the  various  isolator  configurations  at  V-  and  K-bands 
clearly  demonstrate  the  usefulness  of  these  materials. 

The  fact  that  resonance  isolators  were  successfully  fabricated 
at  25.  0  and  37.  5  kmc  by  applying  the  same  field  (supplied  by  small 
ceramic  magnets)  to  different  materials  is  worthy  of  note.  It  illustrates 
the  possibility  of  using  different  materials  with  the  same  applied  field 
to  simplify  the  design  of  harmonic  suppressors  and  other  more  sophis¬ 
ticated  components. 
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SECTION  VII 


RECOMMENDATIONS 

1.  RECOMMENDED  IMPROVEMENTS  IN  MATERIAL 

Further  Improvement  in  the  degree  of  orientation  of  the  crystal¬ 
lites  within  these  materials  might  result  in  still  narrower  resonance 
absorption  lines  and  generally  improved  magnetic  properties.  The 
problem  of  alignment  is  essentially  one  in  ceramics  having  to  do  with 
the  type  and  consistency  of  slurry  used  and  the  particle  size  of  material 
used.  Firing  time  and  temperature  also  play  a  part  in  determining 
alignment.  The  technique  of  pressing  fine,  dispersed  particles  and 
allowing  for  considerable  grain  growth  in  firing  might  be  further  ex¬ 
tended. 

A  second  area  of  possible  improvements  in  materials  is  that  of 
dielectric  loss  properties.  A  careful  study  should  be  made  to  determine 
if,  in  fact,  the  dielectric  loss  tangent  is  excessively  high  at  microwave 
frequencies  and  what  steps  might  be  necessary  to  control  it.  Control  of 
the  dielectric  loss  tangent  has  in  the  past  been  achieved  through  small 
additions  of  ions,  non- stoichiometric  starting  compositions,  and  control 
of  firing  temperature. 

2.  RECOMMENDED  AREAS  OF  APPLICATION 

With  the  Improved  alignment  of  materials  even  now  obtainable 
it  should  be  possible  to  attain  resonance  isolator  operation  at  Ku-  and 
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X'band  frequencies.  Better  alignment  should  also  make  possible  the 
application  of  these  materials  to  phase  shift  devices.  The  use  of 
different  members  of  the  nickel-cobAilt  W  series  in  harmonic  sup¬ 
pressors  with  simplified  magnet  requirements  is  also  suggested  by  the 
present  results. 
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APPENDIX  I 


ORIENTING  FIELDS 

As  diacussed  in  Subsection  C.  4,  orienting  fields  of  the  order 
of  .707H^_  (or  )  were  employed,  where  H_  and  are  values 

appropriate  to  the  sample  in  preparation.  It  is  the  anisotropy  field 
which  permits  crystallite  orientation,  and  in  fact  the  orienting  torque 
per  unit  volume  exerted  on  an  individual  crystallite  is  given  by: 


where  is  the  orienting  torque, 

6  is  the  angle  between  the  direction  of  magnetisation  and  the 
preferred  axis  of  the  crystal  (c-axls  for  uniaxial  materials), 
and  fj^  is  the  anisotropy  energy. 

To  first  order  this  anisotropy  energy  is  given  by 

f^  =  Bin^e  .  (1-2) 

Hence  the  torque  is 

T^  a  2Kj  sinOcosO  =  sin  20  .  (1-3) 

Thus  the  orletttiag  torque  varies  directly  with  and  is  a  maximum 
when  0  a  n/4.  Now  the  total  magnetic  energy  will  be  given  by 

E  =  -MH  co8(^  -  0)  +  K,  Bln^i0,  (1-4) 

ap  1 


I-l 


where  is  the  applied  dc  field  and  ^  ie  the  direction  between  the  c-axis 

and  the  field  (see  Figure  I-l).  It  Is  assumed  that  each  crystallite  Is  a 

single  domain  particle.  The  optimum  orienting  field  is  that  value  of  H  that 

ap 

will  cause  M  to  be  at  6  =  ^/4  and  hence  will  exert  a  maximum  orienting 
torque.  We  can  find  the  equilibrium  position  of  M  by  setting  ^E/^G  =  0 
thu  s, 

6  E/  0  =-M  H  sin(0  -  0)  +  2Kj  sinGcosG  =  0,  (1-5) 


or, 


H 


sin  20 

M _ 

sin  (^  -  0) 


(1-6) 


In  a  sample  of  material  to  be  oriented  the  crystallites  will 
have  all  possible  orientations  (Either  direction  along  a  c-axis 

ca  n,  of  course,  be  no  further  than  ^/Z  from  H^^p.  The  magnetization 
will,  however,  remain  along  a  particular  c  direction  until  sufficient 
external  field  is  applied  to  rotate  the  M  vector  through  the  hard  direction. 
Thus  we  must  consider  ^  as  ranging  up  to  0  =  ^.)  The  problem  then  is 
to  find  the  optimum  orienting  field,  or  the  orienting  field  that  will  pro¬ 
duce  a  maximum  torque  on  all  crystallites.  This  value  will  obviously 
vary  from  crystallite  to  crystallite  depending  on  the  value  of  0  for  the 
particular  crystallite.  We  have  found  (see  equation  (1-3)  )  that  maximum 
torque  is  exerted  when  0  =  ’’/4  and  in  fact  varies  with  Gas  shown  in 
Figure  1-2.  Thus  for  maximum  torque  on  those  crystallites  with 
0  >  ^/4  we  can  solve  for  the  optimum  orienting  field  as  a  function  of 
assuming  0  =  (for  maximum  orienting  torque).  Thus  we  find; 


K 


(1-7) 


IJ  -  *  * 

op  M  8in{(p  -  ’T/4) 

This  expression  is  plotted  graphically  in  Figure  1-3.  For  <p  less 
than  ^/4  there  is  no  optimum  orienting  field,  and  the  bigger  the  better. 
For  values  of  ^  near  ^/2,  however,  an  optimum  field  exists  by  virtue  of. 
the  fact  that  if  sufficiently  large  fields  are  Applied,  the  magnetization 
vector  may  be  rotated  with  respect  to  the  c-axis  to  such  an  extent 
that  6  =  ^/2,  and  in  this  case  no  orienting  torque  is  exerted  (  see 
Figure  1-2). 

The  most  reasonable  orienting  procedure  is  to  initially  apply 
an  orienting  field  of  approximately  thus  exerting  powerful 

torques  on  those  crystallites  whose  c-axers  lie  far  from  the  direction 
of  the  applied  field.  This  field  then  presumably  rotates  these  crystal¬ 
lites  into  approximate  alignment.  The  field  can  next  be  raised  to  as 
high  a  value  as  possible  to  more  precisely  orient  all  crystallites. 

The  sample  is  pressed  while  under  the  influence  of  this  high  field. 

All  fields  discussed  here  are  iiternal  fields,  and  demagnetizing  factors 
appropriate  to  the  shape  being  pressed  should  be  taken  into  account 
when  considering  external  applied  fields. 
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Figure  I-l  Geometric  Arrangement  Considered  in  Deriving 
Optimum  Orienting  Field 
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Figure  1-2.  Varia^ion  of  Orienting  Torque  with  Angle  j 

Between  Magnetization  and  H^p  ‘ 
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Figure  1-3.  Variation  of  Optimum  Orienting  Field 
with  Angle  between  c-axis  and  Hg^p 
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